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Description 

[0001] The invention relates to epitopes of the tau protein which are specif ically occurring in a phoshoryfated state in 
tau protein from Alzheimer paired helical filaments, to the use of protein kinases which are responsible for the phospho- 

5 rylation of the amino acids of the tau protein giving rise to said epitopes, and to antibodies specific for said epitopes. 
The invention further relates to diagnostic compositions and methods for the diagnosis and/or monitoring of Alzheimer's 
disease and to the use of said epitopes for the generation of antfoodies specif ically detecting Alzheimer tau protein. 
[0002] The brains of Alzheimer patients contain two characteristic types of protein deposits, the plaques and the tan- 
gles. These structures have been of peak importance in Alzheimer research during the last few years (for a recent 

io review see Goedertetal., Current Opinion in Neurobiology! (1991), 441 to447). A prominent component of the tangles 
are the paired helical fflaments (PHFs). It seeds now clear that the PHFs are largely made up of the microtubule-asso- 
ciated protein tau which is normally attached to the neuronal microtubule network and, furthermore, particularly 
enriched in the axons. 

[0003] There are six isoforms of tau in human brain that arise from alternative splicing of a single gene. All these iso- 
15 forms also occur in PHFs (Goedert et al., Neuron 3 (1989), 519-526). The main biochemical differences between nor- 
mal and Alzheimer PHF tau protein known so far may be summarized as follows: 

(1) PHF tau protein is, in contrast to normal tau protein, highly insoluble which makes a biochernicaf analysis diffi- 
cult; 

20 (2) PHF tau protein reacts with certain antibodies in a phosphorylation dependent manner, suggesting a special 
phosphorylation status (Grundke-lqbal etal.. Proc. Natl. Acad. Sci. USA 83 (1986), 4913-4917, Nukina et al., Proc. 
Natl. Acad. Sci. USA 84 (1987), 3415-3419); 

(3) PHF tau protein has a lower electrophoretic mobility in SDS gels, suggesting a higher M r value which may be 
related to its phosphorylation pattern (Steiner et al., EMBO J. 9 (1990), 3539-3544); 
25 (4) PHF tau protein forms paired helical filaments with a characteristic 78 nm crossover repeat (Crowther and Wis- 
chik, EMBO J. 4 (1985), 3661-3665). 

[0004] Tau protein purified from brain has very little secondary structure (as judged by CD spectroscopy), and a sed- 
imentation constant of 2.6S, pointing to a highly asymmetric shape (Cleveland et aL, J. Mol. Biol. 1 161 (1977), 227-247, 

30 in agreement with electron microscopic data (Hirokawa et al., J. Cell. Biol. 107 (1988), 1449-1459. The C-terrrtinal half 
contains 3 or 4 internal repeats which are involved in microtubule binding and promoting their assembly (hence "assem- 
bly domain"). This domain can be phoshorylated by several protein kinases (Steiner et al., EMBO J. 9 (1990), 3539- 
3544), a point that may be significant in view of the abnormal phosphorylation of Alzheimer tau (see, e.g. Grundke-lqbal 
et al., ibid.). Moreover, the repeat region also lies in the core of Alzheimer paired helical filaments (see, e.g. Goedert et 

35 al., ibid.; Jakes et al. EMBO J. 10(1991), 2725-2729). 

[0005] It has been hypothesized that PHF tau protein has a lower affinity for microtubules compared to normal tau 
proteins since a similar effect has been found when normal tau is phosphoryiated in yjtro by some kinases (Lindwall and 
Cole, J. Biol. Chem. 259 (1984), 5301-5305). Lack or reduced binding to microtubules might therefore be a result of 
abnormal phosphorylation of the tau protein. This abnormal state might lead to microtubule disassembly and interfere 

40 with vital neuronal processes, such as rapid axonal transport. The abnormally phosphoryiated tau proteins might then 
aggregate into PHFs. As a consequence thereof the neurons would eventually die thus setting the stage for the gener- 
ation of the Alzheimer's disease. 

[0006] Up to now, it was not known which protein kinases are responsible for the abnormal phosphorylation. Ishiguro 
et al. (Neuroscience Letters 128, (1991), 195-198) have isolated a kinase fraction from bovine brain extracts which con- 
45 tain a protein kinase recognizing the serine/threonine proline motif. This kinase phosphoryiated residues Ser 144, Thr 
147, Ser 177 and Ser 315 of the tau protein. These residues differed from the ones reported by others (Lee et al., Sci- 
ence 251 (1991). 675-678). Therefore, it remains unclear which protein kinase and which target amino acid residue(s) 
are involved in the generation of Alzheimer's disease, if at ail. 

[0007] It is, moreover, of utmost importance for the diagnosis of Alzheimer's disease, in particular at an early stage 
50 of the disease process, to develop antibodies which are specifically directed to epitopes on the protein which are char- 
acteristic of the Alzheimer state. A monoclonal antibody, TAU1, has been isolated which is capable of distinguishing 
between phosphoryiated and non-phosphorytated forms of the tau protein (see, e.g., Lee et al., ibid.). However, this 
antibody specifically recognizes dephosphoryiated tau protein which is seemingly not associated with the Alzheimer 
state. Another antibody, Alz 50 (Ksiezak-Reding et al., J. Biol. Chem. 263 (1988), 7943-7947) reacts with PHFs as well 
55 as with tau protein. Sternberger et al. , Proc. Natl, Acad. Sci. USA 82 (1 985), 4774-4776, have isolated an antibody, SM I 
34, which recognizes a phosphoryiated epitope common to Alzheimer tau protein and neurofilament protein. Finally, 
Lee et al. (ibid.) made antibodies directed to a phosphoryiated peptide comprising the KSPV motif in the C-terminai 
region of the tau protein. All these antibodies known in the art have the disadvantage that for none of them it is known 
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whether they recognize an epitope which is uniquely characteristic for the Alzheimer's disease state. 
[0008] Furthermore, no reliable data on the fine structure of Alzheimer paired helical filaments, nor on the the mode 
or regulation of their formation from tau proteins is available so far. For the prevention of the formation of PHFs it would 
be highly advantageous if the mode of assembly of PHFs from tau protein and the regulatory mechanisms underlying 

5 said assembly were known. 

[0009] Thus, the technical problem underlying the present invention was to provide a phosporylated epitope charac- 
teristic for the Alzheimer tau protein, a kinase activity which specifically catalyzes this phosphorylation, pharmaceutical 
compositions comprising inhibitors to said kinases, antibodies for recognizing said epitopes, diagnostic compositions 
containing said epitopes, methods involving kinases and/or antibodies for the jn yJtre diagnosis of Alzheimer's disease. 

10 methods for the in yjiro. conversion of normal tau protein into Alzheimer tau protein and methods for testing drugs effec- 
tive in dissolving Alzheimer PHFs or preventing the formation thereof. 

[0010] The solution to the above technical problem is achieved by providing the embodiments characterized in the 
claims. 

Accordingly, the present invention relates to an epitope of the tau protein which is specifically occurring in a phosphor- 
is ytated state in tau protein from Alzheimer paired helical filaments. 

The term "phosphorylated state in tau proteins from Alzheimer paired helical filaments" refers to a state of the tau pro- 
tein where tau shows an upward M r shift, has a reduced binding to microtubules and is phosphorylated at ser or thr fol- 
lowed by pro, or certain serines in the repeat region (see below). 

Note: Amino acids are denoted by the one-letter or three-letter code; see e.g. Lehninger. Biochemistry, 2nd edition. 
20 Worth Publishers, New York, 1975. page 72. 

[0011] There may be one or more epitopes of the tau protein which specifically occur in a phosphorylated state in 
Alzheimer paired helical filaments. These epitopes may, moreover, be phosphorylated by a single or different enzymes 
displaying phosphoryiating activity. 

[001 2] In a preferred embodiment of the present invention, said epitopes are specifically phosphorylated by a protein 
25 kinase from mammalian brain having the following biochemical properties: 

(a) it phosphorylates ser-pro and thr-pro motifs in tau protein; 

(b) it has an M r of42 kD; 

(c) it is activated by ATP and has a of 1 .5 mM; 
30 (d) it is activated by tyrosine phosphorylation; 

(e) it is recognized by an anti-MAP kinase antibody; and 

(f) it is deactivated by phosphatase PP2a. 

The term "ser-pro and thr-pro motifs" as used herein refers to a phosphorylatable ser or thr residue followed by a pro 
35 residue. These types of sites are phosphorylated by the isoforms of MAP kinase, GSK-3, and cdk2 (see below). 

[0013] The term "anti-MAP kinase antibody" refers to an antibody which specifically recognizes a mitogen activated 
protein kinase (MAP kinase). This kinase probably belongs to a family of closely related enzymes which have been 
referred to in the art by different names, e.g. MAP2 (microtubule-associated protein 2, see e.g. de Miguel et al.. DNA 
and Cell Biology 10 (1991), 505-514) kinase, MBP (myelin basic protein) kinase or ERK1 (for a review, see Hunter. 
40 Meth. Enzym. 200 (1 991). 1-37). MAP kinase is similar with respect to its biochemical properties to functionally similar 
enzymes from a variety of sources (Hunter, ibid.). 

[0014] In another preferred embodiment of the present invention said epitope includes the phosphorylatable serine 
residues 46. 1 99, 202. 235. 398, 404 and/or 422 and/or the phosphorylatable threonine residues 50, 69, 1 1 1 , 1 53, 1 75, 
181, 205, 212, 217 and/or 231; see Fig. 1a. The numbering of the amino acids was done in line with the largest human 

45 tau isoform, htau 40, see Goedert et al. (1 989 ibid.). 

[001 5] In a particularly preferred embodiment said epitope includes the phosphorylatable serine residue of amino acid 
position 262. This is phosphorylated by the brain extract and the 35KD and 70KD kinases prepared from it; see below. 
In accordance with the present invention it has been shown that phosphorylation of said residue significantly interferes 
with binding of tau protein to microtubuli. This epitope may be used for diagnostic in yjtr& methods to test for the onset 

so of Alzheimer disease. 

[001 6] In another particularly preferred embodiment said epitope includes the phosphorylatable serine residues 262. 
293, 324 and 409. 

[0017] Accordingly, another object of the invention is to provide a method for testing the onset of Alzheimer disease 
by assaying the phosphorylation status of serine in position 262 and the other Ser- Pro or Thr-Pro motifs named above. 
55 This may e.g. be done by incubating a sample of cerebrospinal fluid of a patient or a sample of nerve tissue after biopsy 
with a monoclonal or polyclonal antibody capable of distinguishing between a phosphorylated and a non-phosphor- 
ylated serine 262 comprising epitope. 

[0018] The epitopes of the invention may comprise one or more of the residues enumerated above. Moreover, the 
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epitopes of the present invention may comprise only one or more phosphorylated serine residues, one or more phos- 
phorylated threonine residues or a combination thereof. The actual composition of the epitope may be determined by 
methods which are known in the art. It is also clear to the person skilled in the art that other amino acids of the protein 
may contribute to the epitope which is recognized by an antibody directed against the sites of tau protein which are 

5 phosphorylated by MAP kinase. 

[0019] In a further preferred embodiment of the present invention, said epitope comprises the amino acid sequences 
KESPLQ, YSSPGSP. PGSPGT, YSSPGSPGTPGS. PKSPSS, YKSPWS, GDTSPRH, MVDSPQL; PtQTPTE, 
LXESPLQTPTED, AKSTPTA, IGDTPSL, KIATPRGA, PAKTPPA, APKTPPS. PAKTPPAPKTPPS. SPGTPGS, 
RSRTPSL, SLPTPPT. RSRTPSLPTPPT, WRTPPK, WRTPPKSPSSA, KIGSTENLK, KCGSKDNIK, KCGSLGNIH, 

10 KIGSLDNITH. 

[0020] Again, it is to be understood that not all of the amino acids of the peptide necessarily contribute to the specific 
site actually recognized by the antibody 

[0021 ] Another object of the present invention is to provide a protein kinase which is capable of specif icaDy converting 
tau protein to Alzheimer tau protein by phosphorylation of the amino acid motif ser-pro or thr-pro. Preferably, said pro- 

is tein kinase belongs to the class of MAP kinases. These kinases can be used for various purposes, e.g. for the in vitro 
conversion of tau protein into Alzheimer tau protein. The Alzheimer tau protein thus obtainable may be used to study 
e.g. substances which are capable of inhibiting its formation or the formation of PHFs. Moreover, they may be used for 
the development of drugs capable of dissolving said PHFs or for converting Alzheimer tau protein into normal tau pro- 
tein. It is also conceivable that a system based on the ability of the protein kinase of the invention to convert normal into 

bo Alzheimer tau protein will provide a well defined in vitro system for Alzheimer's disease. 

[0022] In a preferred embodiment of the invention, said protein kinase has the following biochemical properties: 

(a) it phosphorylates ser-pro and thr-pro motifs in tau protein; 

(b) it has an M, of 42 kD; 

25 (c) it is activated by ATP and has a K m of 1 .5 mM; 

(d) it is activated by tyrosine phosphorylation; 

(e) it is recognized by an anti-MAP kinase antibody; and 

(f) it is deactivated by phosphatase PP2a. 

30 The term "M r " is defined as the relative molecular weight determined by SDS gel electrophoresis. 

[0023] In still another preferred embodiment of the invention, said protein kinase is obtainable by carrying out the fol- 
lowing steps: 

(a) homogenizing porcine brain in 10 mM Tris-HCl, pH 7,2, 5 mM EGTA, 2 mM DTT and a cocktail of protease inhib- 
35 itors (leupeptin, aprotinin, pepstatin A, a2-macroglobulin, PMSF (phenyl methyl sulphonyl fluoride)); 

(b) centrifugating the homogenate at 100,000 x g for 30 minutes at 4°C; 

(c) removing the supernatant after centrifugation; 

(d) precipitating the crude protein by ammonium sulfate precipitation; 

(e) desalting the crude preparation by gel filtration; 

40 (f) activating the crude enzyme by incubation in activation buffer; 

(g) further purifying the crude preparation by ion exchange chromatography; and 

(h) identifying the enzyme by Western blotting. 

The term "activation buffer" is defined as a buffer comprising 25 mM Tris, 2 mM EGTA, 2 mM DDT, 40 mM p-nitrophe- 
45 nylphosphate, 1 0 nM okadaic acid, 2 mM MgATP, and protease inhibitors. 

[0024] Another preferred embodiment of the present invention relates to a protein kinase which is capable of specif- 
ically converting tau protein to Alzheimer tau protein by phosphorylating IGS and/or CGS motifs in the repeat region of 
tau protein. 

[0025] In a further preferred embodiment of the kinase of the invention, said kinase is obtainable by carrying out the 
so following steps: 

(A) Subjecting mammalian brain extract to ion exchange chromatography on Mono Q (Pharmacia); 

(B) testing the fractions eluted for binding to microtubules and phosphorylation of the protein; 

(C) further purifying the fractions binding to microtubules and capable of phosphorylating tau protein by gel chro- 
55 matography; 

(D) subjecting the fraction eluting at about 35 kDal to ion exchange chromatography on Mono Q; 

(E) collecting the major peak eluting between 200 and 250 mM NaCI; 
and has the following characteristics: 
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(a) it binds to Mono Q but not to Mono S; 

(b) it has an acidic pi; 

(c) it shows a major band (>95%) at 35 kDal and a minor band (<5%) at 41 kDal on silver-stained gels; 

(d) ft incorporates a phosphate amount of 3.2 Pi into htau34, 3.4 Pi into htau40, 3.3 Pi into htau23 and 2.8 Pi into 
5 mutant htau23 (Ser262 -4 Ala) ; and 

(e) it phosphorylates serine residues 262, 293, 324 and 409 of tau protein. 

Said brain extract may e.g. be human or bovine brain extract. 

[0026] In still another preferred embodiment, the kinase of the present invention is obtainable by the following steps: 

10 

(A) preparation Of high spin supernatant of extract from mammalian brain; 

(B) subjecting the brain extract to chromatography on ion exchange Q-Sepharose (Pharmacia); 

(C) testing the fractions and flowthrough for phosphorylation of tau protein and influence on binding to microtu- 
bules; 

is (D) chromatography of flowthrough on S-Sepharose, wherein the kinase activity elutes at 250 mM NaCI; 

(E) chromatography on heparin agarose, wherein the kinase activity elutes at 250 mM NaCI; 

(F) gel filtration, wherein the kinase activity elutes at 70 kDal; 

(G) chromatography on Mono Q, wherein the kinase activity eJutes at 150 mM NaCI; 
and has the following characteristics: 

20 

(a) it does not bind to Q-Sepharose but to S-Sepharose; 

(b) it has an alkaline pi; 

(c) it shows a major band around 70 kDal on SDS gels; 

(d) it incorporates 3-4 phosphates into htau34, htau40, htau23, and the construct K19 (i.e., the four-repeat 
25 microtubul e bi ndi ng region) ; 

(e) it does not phosphorytate a mutant of K19 where Ser 262, 293, 324, and 409 are mutated into Ala; and 

(f) it phosphorylates Ser 262, 293, 324, and 409 or tau protein. 

{0027] In another preferred embodiment of the invention, the 70 kDal kinase which phosphorylates the two IGS motifs 
30 and the two CGS motifs of tau protein (Serines 262, 293, 324, 409) may be obtained as follows: 

(A) Preparation of high spin supernatant of brain extract; 

(B) chromatography on Q-Sepharose; 

(C) chromatography of flowthrough on S-Sepharose, wherein the kinase activity elutes at 250 mM NaCI; 
35 (D) chromatography on heparin agarose, wherein the kinase activity elutes at 250 mM NaCI; 

(E) gel filtration, wherein the kinase activity elutes at 70 kDal; 

(F) chromatography on Mono Q, wherein the kinase activity elutes at 150 mM NaCI. 

(See Fig. 45) 

40 [0028] The brain extract in step A may be e.g. human or another mammalian brain extract. 

The purification steps noted above are conventional ones known in the art as described throughout this specification. 
Thus, preparation of the brain extract was carried out as described in Example 1 1 , whereas binding studies between 
tau and taxol-stabilized microtubules may be done as described in Example (6). 

[0029] Furthermore, assays of tau-phosphoryiation such as in-gel assays may be carried out as descrfced in detail in 
45 Example 11. 

[0030] Chromatography on Mono Q may be carried out as described in Example 1 1 . 

[0031] With respect to the actual conditions used for obtaining said kinase, a person skilled in the art will be able to 
deviate from the protocol outlined above and still obtain the kinase of the invention. Such a deviation may. e.g., concern 
the composition of the protease inhibitor cocktail of step (a): It is conceivable to use different inhibitors under the proviso 
so that the kinase activity is not diminished or destroyed. 

[0032] In a most preferred embodiment the present invention relates to a protein kinase which specifically phospho- 
rylates serine residues 46, 199, 202, 235, 262, 396, 404,422 and threonine residues 50, 69, 111, 153, 175, 181, 205, 
212, 217, 231 of the tau protein. 

[0033] In another most preferred embodiment, said kinase phosphorylates serine residue 262. 
55 [0034] A further preferred embodiment relates to a protein kinase which is glycogen synthase Wnase-3, that is, iso- 
form a, 51 kD or p (45 kD) and/or cdk2-cyclin A (33 kD). 

[0035] In another preferred embodiment of the present invention, said kinase is a protein kinase from human brain, 
porcine brain, or another source. 
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[0036] Another object of the invention is to provide pharmaceutical compositions containing a specific inhibitor for the 
protein kinase of the invention, optionally in combination with a pharmaceutical^ acceptable carrier and/or diluent. 
[00371 The term "specific inhibitor for the protein kinase" refers to substances which specifically inhibit the enzymatic 
action of the protein kinase of the present invention, inhibitors to enzymes such as protein kinases and their mode of 
5 action are well known in the art For example, such an inhibitor may bind to the catalytic domain of the enzyme thus 
rendering it incapable of converting its substrata 

. Examples of such inhibitors are peptide inhibitors and deactivating phosphatases such as PP2a. 
Another example is the deactivation of kinases by their phosphatases. e.g.. PP-2a in the case of MAP kinase. Said 
pharmaceutical composition may be administered to a patient in need thereof by a route and in a dosage which is 
10 deemed appropriate by the physician familiar with the case. 

Pharmaceutical ly acceptable carriers and/or diluents are well known in the art and may be formulated according to the 
route o( administration or the special disease status of the patient. 

[0038] In a preferred embodiment the present invention relates to a pharmaceutical composition for use in the treat- 
ment of Alzheimer's disease. 

is Again, said pharmaceutical composition may be administered to a patient in need thereof by route and in a dosage 
which is deemed appropriate by the physician handling the case. 

[0039] In another preferred embodiment of the present invention, said pharmaceutical composition contains as the 
specific inhibitor at least one oligo- or polypeptide comprising an epitope of the invention. 

The term "oligo- or polypeptide comprising an epitope of the invention" refers to peptides which in their two- or three- 
20 dimensional structure reconstitute the epitope of the invention which is specifically recognized by an antibody directed 

thereto. Moreover, said oligo- or polypeptides may solely consist of the amino acids representing said epitope(s) or they 

may comprise additional amino acids. The construction of such oSgo- or polypeptides is well known in the art. 

[0040] Another object of the invention is an antibody which specifically recognizes an epitope of the invention. 

Said antibody may be a serum derived or a monoclonal antibody. The production of both monoclonal and polyclonal 
25 antibodies to a desired epitope is well known in the art (see, e.g. Harlow and Lane, Antibodies, A Laboratory Manual, 

Cold Spring Harbor Laboratory, Cold spring Harbor, 1988). Furthermore, said antibody may be a natural or an antibody 

derived by genetic engineering, such as a chimeric antibody derived by techniques which are well understood in the art. 

Moreover, said antibody also refers to a fragment of an antibody which has retained its capacity to bind the specific 

epitope, such as a Fab fragment 
30 [0041 ] In a preferred embodiment, the antibody of the present invention recognizes the protein kinase of the present 

invention. 

The term "recognizes the protein kinase of the present invention" as used herein means that the antibody does not or 
insignificantly cross-reacts with other substances such as different protein kinases present in the same biological envi- 
ronment. Moreover, it means that the antibody does not or insignificantly cross-reacts with different protein kinases 
35 when tested in in vitro systems. 

[0042] In another preferred embodiment, the antibody of the present invention is a monoclonal antibody. 

[0043] Another object of the invention is to provide diagnostic compositions for the detection and/or monitoring of 

Alzheimer's disease comprising 

40 - an epitope of th e invent on ; 

a kinase of the invention; and/or 
- an antibody of the invention. 

[0044] The diagnostic composition of the invention may comprise for example an antibody of the invention which spe- 
45 cificaliy recognizes one of the kinases of the invention or an enhanced level of said kinases in a sample to be tested. In 
another embodiment, said diagnostic composition may comprise an antibody of the invention directed to one of the 
epitopes of the invention. Thus, an Alzheimer correlated disease state of a sample may be detected by treating said 
sample with an antibody recognizing the epitope of the invention. The antibody-epitope (hapten) complex may be visu- 
alized using a second antibody directed to the antibody of the invention and being labelled according to methods known 
so in the art (see, e.g., Harlow and Lane. ibid.). 

In still another embodiment of the present invention, said diagnostic composition may consist of an epitope of the inven- 
tion and an antibody of the invention. Treatment of a sample with said antibody may give rise to conclusions with regard 
to the disease state of the corresponding patent if the binding of said antibody to said sample is brought in relation to 
binding of said antibody to said epitope of the invention used as a reference sample. 
55 In still another embodiment, the diagnostic composition may comprise an epitope of the invention, a kinase of the inven- 
tion and an antibody of the invention. Kinase activity may be monitored with respect to phosphorylation of the sample 
as compared to the phosphorylation of the epitope of the invention. From the quantrtated kinase activity the pnospor- 
ylation state of the tau protein contained in said sample and therefore the disease state of the patient may be deduced. 
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The kinase activity may e.g. be deduced by including a substrate analog in the same reaction, which is visually detect- 
able upon enzymatic conversion. Such substrate analogs are widely used in the art. Alternatively, the amount of phos- 
phorylated tau protein in the sample nay be detected after treatment with the kinase of the invention by employing an 
antibody of the invention directed to the phosphorylated epitope and using the amount of antibody-epitope complex pro- 

5 vided by the diagnostic composition as an internal standard, or by determining the amount of phosphate incorporated 
into tau protein by the kinase, e.g. by radio-active tracer methods which are well known in the art The person skilled in 
the art is in the position to design other test systems which combine any of the above objects of the invention. It is to be 
understood that all conceivable combinations fall within the scope of protection of the present invention. 
[0045] Another object of the invention is to provide a method for the in yjfro diagnosis and/or monitoring of Alzheimer's 

w disease comprising assaying a cerebrospinal fluid isolate of a patient or carrying out a biopsy of nerve tissue 

- for the presence of a phosphorylated Alzheimer tau protein containing an epitope of the invention; 

for the presence of a protein kinase of the invention; or 
• for the presence of phosphatases PP2a, PP1 and/or calcineuria 

is 

The "cerebrospinal fluid isolate of a patient" is obtained by standard medical procedures, 

[0046] An example for a nerve tissue suitable for said biopsy is the olfactory epithelium. The person skifled in the art 
may carry out said method employing e.g. the diagnostic tools illustrated in connection with the diagnostic composi- 
tions, supra. 

20 [0047] In a preferred method of the present invention, the Alzheimer tall protein and the phosphorylation of serine 
residue 262 of tau protein, respectively, is detected by using an antibody of the invention. 
Said antibody preferably is an antibody directed to an epitope of the invention. 

[0048] In another preferred embodiment of the invention, the protein kinase is detected by using an oligo- or polypep- 
tide comprising an epitope of the invention and/or by using an antibody of the invention. 
25 [0049] Still another object of the invention is to provide a method for the in vitro conversion of normal tau protein into 
Alzheimer tau protein wherein normal tau protein is treated with a protein kinase of the present invention under condi- 
tions which allow the phosphorylation of said normal tau protein. The term "Alzheimer tau protein" refers to tau protein 
that 

is abnormally phosphorylated (e.g. at ser-pro or thr-pro motifs) and recognized by Alzheimer-specific antibodies. 
30 [0050] The term "conditions which allow the phosphorylation of said normal tau protein" refers to conditions allowing 
the activity, preferably the optimal activity, of protein kinase. This activity results in phosphorylation of the substrate at 
the ser-pro and/or thr-pro motifs. The phosphorylated substrate may then be recognized by Alzheimer-specific antibod- 
ies. 

[0051] Normal tau protein may be derived from natural or recombinant sources. It is. for the purpose of carrying out 

35 the method of the present invention, however, expedient to use recombinant material. 

The method of the present invention provides sufficient amounts of Alzheimer tau protein for a variety of purposes: With 
the method of the present invention an in vitro model for the study of the generation of the Alzheimer state of proteins 
may be established (see above). Moreover, inhibitors may be tested which prevent the conversion of normal to Alzhe- 
imer tau protein. These Inhibitors" may be specific for the epitope to be phosphorylated by e.g. blocking the epitope or 

40 may be directed to various domains on the protein kinase, as long as they prevent or disturb its biological activity. 
Another type of inhibition is the antagonistic action of phosphatases on tau or its kinases. Furthermore, the Alzheimer 
tau protein generated by the method of the present invention may be employed in binding studies to microtubule struc- 
tures thus contributing to the elucidation of the molecular basis underlying Alzheimer's disease. 
The person skilled in the art knows how to employ the method of the present invention for a variety of different purposes 

45 which ail fall under the scope of protection of the present invention. 

[0052] The present invention relates, moreover, to the use of an epitope of the invention for the generation of Alzhe- 
imer tau protein specific antibodies or antibodies to a tau protein specific for the onset of Alzheimer disease. 
The methods for obtaining said antibodies are well known in the art; thus, the generation of polyclonal or monoclonal 
antibodies may be conducted using standard methods (see, e.g., Harlow and Lane, ibid.). If an oligo- or polypeptide is 

so used for the generation of antibodies it is desirable to couple the peptide comprising the epitope to a suitable carrier 
molecule capable of inducing or enhancing the immune response to said epitope, such as bovine serum albumin or key- 
hole limpet hemocyanin. The methods of coupling hapten (comprising or being identical to the epitope) and carrier are 
also well known in the art (Harlow and Lane, ibid.). It is also to be understood any animal suitable to generate the 
desired antibodies may be used therefor. 

55 [0053] In another aspect, the present invention relates to a pharmaceutical composition for use in the treatment or 
prevention of Alzheimer's disease comprising an inhibitor of the formation of Alzheimer paired helical filaments from tau 
protein dimers. 

[0054] In accordance with the present invention, it was found that tau proteins form antiparallel dimers via assembly 
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of their repeat units located in the C-terminal domain of the protein. Whereas dimerization of tau proteins appears to be 
a physiological process, the formation of higher order structures such as PHFs seems to be due to deregulation in the 
assembly process. Consequently, PHFs are formed from a number of tau dimers wherein the cross-linking of dimers 
may occur via intermolecutar disulfide bridging. 
5 [0055] Deregulation of the assembly process with subsequent formation of PHFs from tau dimers appears to be due 
to abnormal phosphorylation ol tau proteins because, as has been found in accordance with the present invention, trun- 
cated tau proteins consisting merely of the repeat units are able to form PHFs, whereas tau proteins or tau-like proteins 
comprising the N-terminus and C-terminus as well are unable to do so. 

[0056] An inhibitor useful in the composition of the present invention is therefore any inhibitor capable of inhibiting the 
w formation of PHFs from tau dimers regardless of the molecular mechanism it interferes with. Such an inhibitor may be. 
for example, an inhibitor to a protein kinase responsible for abnormal phosphorylation of tau proteins as a compound 
interfering with the formation of inter molecular cross-links or association of tau dimers. 

[0057] A further object of the present invention is to provide a method for testing drugs effective in dissolving Alzhe- 
imer paired helical filaments comprising the following steps: 

15 

(a) allowing the formation of Alzheimer paired helical fflaments from polypeptides comprising tau-derived 
sequences under appropriate conditions; 

(b) incubating the Alzheimer paired helical filaments with the drug to be tested; and 

(c) examining the result of the incubation of step (b) with respect to the dissolution of the Alzheimer-like paired hel- 
20 ical filaments. 

[0058] The term "effective in dissolving Alzheimer paired helical filaments" as used herein is intended to also include 
partially dissolved PHFs. For the object of the present invention it is sufficient that the drug to be tested is effective in 
the reduction of the size or the break-up of PHFs. thus fulfilling a supplementary function in therapy, although a total 

25 dissolution by the drug is preferred. 

[0059] The term -polypeptides comprising tau derived sequences" refers to any polypeptide which comprises 
sequences from tau protein capable of forming PHFs regardless of the length of said sequences or of mutations, dele- 
tions, insertions or heterologous sequences as long as the function of said polypeptides to form PHFs remains intact. 
[0050] The term "appropriate conditions" in connection with the formation of Alzheimer PHFs refers to any condition 

so which allows said formation. Said conditions may indude the availability of a MAP kinase if natural tau protein is used. 
[0061 ] In a preferred embodiment, the conditions applied in step (a) of said method comprise an environment of 0.3 
to 0.5 M Tris-HCI and pH 5.0 to 5.5 without additional salts. 

[0062] Still another object of the invention is to provide a method for testing drugs effective in the prevention or reduc- 
tion of the formation of Alzheimer paired helical filaments comprising the following steps: 

35 

(a) incubating the drug to be tested with polypeptides comprising tau-derived sequences under conditions which 
allow the formation of Alzheimer paired helical laments in the absence of said drug; and 

(b) examining the result of the incubation of step (a) with respect to the presence or absence of Alzheimer paired 
helical filaments in the incubation mixture. 

40 

[0063] The term "conditions which allow the formation of Alzheimer paired helical filaments in the absence of said 
drug" refers to any condition which allows the formation of PHFs provided said drug is not included in the incubation 
mixture. A preferred example of such a condition is an environment of 0.3 to 0.5 M Tris-HCI and pH 5.0 to 5.5 without 
additional salts. 

45 [0064] The term "presence or absence of Alzheimer paired helical filaments" as used herein is intended to include 
results wherein only a limited amount of PHFs has been formed as compared to control experiments where no such 
drug has been used. 

[0065] In a preferred embodiment in the above methods, said polypeptides comprise essentially the repeats from the 

C-terminal part of the tau protein only 
so [0066] In accordance with the present invention, it was found that the repeats comprised in the C-terminal domain of 

the tau protein are responsible for dimerization of the protein under physiological conditions and subsequent oligomer- 

ization leading to Alzheimer-like paired helical filaments. The term "Alzheimer-like paired helical filaments" is used here 

as opposed to "Alzheimer paired helical filament" solely to indicate that non-repeat unit parts of the tau protein normally 

present in PHFs are absent from PHFs generated by said polypeptides. 
55 [0067] Accordingly, the polypeptides comprising essentially the repeat units only provide an ideal in yjtrg system to 

study PHF formation and studies on the fine structure of PHFs. 

[0068] In a particularly preferred embodiment, said polypeptides are comprising mainly the repeat regions of tau, such 
as K11 and/or K12. 
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[0069] K1 1 and K12 are ideally suited for the above testing purposes because they are essentially comprised of 
repeat units from the tau protein only. 

For the method of the invention, K1 1 and K12 may be used alone or in combination. 

[0070] In a further aspect, the present invention relates to a method for testing drugs effective in dissolving Alzheimer 
5 paired helical filaments comprising the following steps: 

(a) introducing a functional gene encoding a MAP kinase under the control of suitable regulatory regions into a cell 
expressing or overexpressing tau protein; 

(b) allowing me formation of phosphorylated tau protein and of Alzheimer paired helical filaments; 
io (c) isolating said Alzheimer paired helical filaments; 

(d) applying the drug to be tested to said paired helical filaments under appropriate conditions; and 

(e) examining the effect of said drug on said paired helical filaments. 

[0071] The term "cell expressing tau protein" as used in step (a), supra, refers to cells which endogenously express 
is tau or which have the capacity to express tau and into which a functional tau gene has been introduced. In the latter 
case the person skilled in the art is aware of the fact that the sequence of the introduction of the genes encoding the 
MAP-kinase and tau is irrelevant for the purpose of the method of the invention. 

[0072] The term "under appropriate conditions'" in step (c), supra, refers to conditions which allow the drug to be effec- 
tive in dissolving PHFs and are particularly optimal conditions. 

20 [0073] Said method is particularly advantageous, since the system involved which is based on the use of continuously 
growing cell lines providing a close image of the in yM situation provide an ample supply of phosphorylated tau protein. 
[0074] In a preferred embodiment said cell expressing tau protein is a neuroblastoma or chromocytoma cell or a pn- 
mary culture of nerve cells. Such cells or cell lines are well known in the art. Preferred examples are the neuroblastoma 
cell fines N21 and PC12. 

25 [0075] These cell lines are particularly preferred because they express tau endogenously. 

[0076] A further object of the invention is a pharmaceutical composition for the treatment of Alzheimer disease com- 
prising a PP2a and/or PP-1 and/or calcineurin phosphatase as the active or one of the active ingredients. 
[0077] The Figures show: 

so Fig. 1a: Aminoacid sequence of tau (isoform htau40, Goedert et al.. 1989). The motifs SP. TP, IGS and CGS are 
highlighted. 

Fig. lb: (a) SDS gel of tau isoforms, (b) immunoblots of (a) and PHF tau with the AT8 antibody, (a) SDS gel. Lane 
1 , marker proteins. Lane 2: Tau from bovine brain, showing several isoforms in a mixed state of phospho- 
rylation. Lane 3, bovine brain tau after dephosphorylation with alkaline phosphatase. Note that all isoforms 

35 S hift to a lower M r Lanes 4 and 5: Tau from normal human brain, before and after dephosphorylation. 

Lanes 6-1 1 : bacterially expressed human tau isoforms htau23, 24, 37, 34. 39. 40 (see Goedert et al., 1 989, 
ibid.). These isoforms have either three or four internal repeats of 31 residues each in the C-terminal half 
(three: htau23, 37. 39; four: htau24, 34, 40). Near the N-terminus there can be zero, one, or two inserts of 
29 residues (zero: htau23, 24; one: htau37, 34; two: htau39, 40). 

40 (b) lmmunoblots with the AT8 antibody. Lane 1, PHF tau, showing 4-6 isoforms in the range of 60-70 kD; 

all of them react strongly with AT8. Lanes 2-1 1 ( same preparations as in (a); none of the bovine or normal 
human tau isoforms show any reaction. 
Fig. 2: Phosphorylation of bacterially expressed human tau isoforms with the kinase from brain, (a) SDS gets, (b) 
immunoblots with AT8. 

<5 ( a ) Lanes 1 and 2, SDS gel of htau23 before and after extract phosphorylation (note the upward shift in M r ). 

Lanes 3-10 show analogous pairs for other isoforms (htau24, 34. 39, 40). 

(b) lmmunoblots of (a) with AT8 antibody. It reacts with all tau isoforms after phosphorylation (even lanes; 

including htau37. not shown here). 
Fig. 3: Diagram of constructs K3M, K10. K19. and K17. K19 (99 residues) contains the sequence Q244-E372 of 
so htau23 plus an N-terminal methionine. This comprises three of the repeats (repeat 1 , 3, and 4; repeat 2 is 

absent in htau23). K10 (168 residues) is similar, except that it extends to the C-terminus of htau23 (L441). 

K17 (145 residues) contains the sequence S198-E372 (assembly domain starting at the chymotryptic 

cleavage site, up to end of fourth repeat, but without the second repeat, plus an N-terminal methionine). 

K3M (335 residues) contains the N-terminal 154 residues of bovine tau4, plus the sequence R221 -L441 of 
55 htau23 (without second repeat). The location of peptide S198-T220 is indicated in K17. By comparison of 

the constructs the epitope of AT8 must be in this region (see Fig. 4). 
Fig. 4: Phosphorylation of htau40 and constructs K10. K17, K3M, and K19. 

(a) SDS gel. Odd lanes, htau40, K10, K17. and K3M before phosphorylation, even lanes, after phosphor- 
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ylation. Note the upward shift of the bands after phosphorylation. In !ane 4 there are two bands because 
K10 is not completely phosphorylated. 

(b) Immunoblot of (a) with AT8. The antibody reacts only with htau40 (lane 2) and K1 7 (lane 6), both in the 
phosphorylated state, but not with K10 (lane 4) or K3M (lane 8), although these constructs are also phos- 

5 phorylated and show an M r shift. 

(c) Construct K19 before and after incubation with the kinase. Lanes 1 and 2, SDS gel; there is no M r shift 
and no phosphorylation, confirmed by autoradiography (not shown). Lanes 3 and 4, immunoblot with AT8, 
showing no reaction. This confirms that the epitope is not in the repeat region. 

Rg. 5: Diagram of tryptic peptide S1 95-R209. The 1 5 residue peptide (containing 5 serines and 1 threonine) was 
to labeled with two radioactive phosphates at S199 and S202, as determiend by sequencing. 

Rg. 6: Phosphorylation and antibody reactions of the D-mutant of htau23 (S199 and S202 changed into D). 

Lanes 1 and 2, SDS gel of htau23 before and after extract phosphorylation; lanes 3 and 4, D-mutant before 
and after extract phosphorylation. Note that the D-mutant runs slightly higher than htau23 (lanes 1 ,3), but 
after phosphorylation both proteins have the same position in the gel (lanes 2, 4). 
15 Lanes 5-8, immunoblots of lanes 1-4 with AT8. The antibody reacts only with extract phosphorylated 

htau23 (lane 6), but neither with the unphosphorylated form (lane 5) nor with the D-mutant (lanes 7, 8). 
although it was phosphorylated as seen by the additional shift and autoradiography (not shown). 
Lanes 9-12, immunoblots of lanes 1-4 with TAU1. This antibody reacts only with htau23 before phosphor- 
ylation (lane 9), but not with the phosphorylated form (lane 10) nor with the D-mutant (lanes 1 1 , 12). The 
20 aspartic acid apparently mimicks a phosphorylated serine and thus masks the epitope. The minor reaction 

of htau23 with TAU1 in lane 10 shows that the protein is not completely phosphorylated. 
Rg. 7: Time course of phosphorylation of bacterially expressed human isoform htau23 with the brain kinase activ- 
ity and corresponding autoradiogram. 

(a) SDS-PAGE of htau23 after incubation with the kinase between 0 and 24 hours, as indicated. The 
25 unphosphorylated protein is a single band of M ro = 48 kD (lane 1 ). Lanes 3-14 show that phosphorylation 

leads to a progressive shift to higher M r with well defined intermediate stages. The even lanes (numbered 
4, 6, etc. below Fig. 1b) are observed in the presence of 10 uM okadaic acid (OA) (labeled below Rg. 
1 a). The odd lanes (3, 5, etc. labeled "-") are without okadaic acid. The first stage takes about 2 hours (shift 
to a new M r1 = 52 kD), the second is finished around 10 hours (M^ = 54 kD), the third is finished around 
30 time 24 hours (M r3 = 56 kD); no further shift is observed during the subsequent 24 hours. Lane 2 shows a 

mutant that is not of significance in this context. 

(b) Autoradiogram of (a). The guantitation of the phosphate incorporated (mol P/mol protein) in this exper- 
iment was as follows (-OA/+OA): 30 min (0.5/1.0), 60 min (0.7/1.4), 120 min (1.0/2.0). 10 hours (2.0/3.0), 
24 hours (3.2/4.0). 

35 Rg. 8: (a) SDS gel showing the time course of phosphorylation of hiau23 similar to that of Rg. 1 a, but with 1 0 

okadaic acid throughout (b). immunoblot of (a) with the monoclonal antibody SMI34. The antibody recog- 
nizes the protein only in the second and third stage of phosphorylation, but not in the first. 
Fig. 9: Binding of tau isoforms to microtubules before and after phosphorylation. 

(a) SDS gel of a binding experiment, illustrated for the case of the tau isoform htau40 (whose band is 

40 clearly separated from that of tubulin (T) so that both components can be shown simultaneously, without 

having to remove tubulin by a boiling step). The top line indicates pellets (P) or supernatants (S), with or 
without phosphorylation for 24 hours (+ or -Pi). Lanes 1-4, 20 uM tau protein (total concentration), phos- 
phorylated (lanes 1 , 2) or not (lanes 3, 4). The comparison of lanes 1 and 2 shows that most of the phos- 
phorylated protein is free (S), while only a small fraction is bound to the microtubules (P). Lanes 3 and 4 

45 show that in the unphosphorylated state about half of the protein is bound, the other half free (note also 

that the phosphorylated protein bands, lanes 1, 2, are higher in the gel than the unphosphorylated ones, 
lanes 3, 4, similar to Fig. 1). Lanes 5-8, similar experiment with 15 uM htau40. Lanes 9, 10 show the case 
of 10 uM phosphorylated protein. Lanes 1 1-15 are for density calibration with known amounts of htau40 
(15, 10, 7.5, 5, and 2.5 jiM, resp.). 

50 (b) Binding curves of htau23 and (c) htau34 to microtubules before (cirdes) and after 24 hour phosphor- 

ylation (triangles); these curves were derived from SDS gels similar to that of Fig. 3a. Polymerized tubulin 
is 30 \M. Fitted dissociation constants and stoichiometrics are as indicated. In each case the most dra- 
matic effect is on the number of binding sites which decrease about three-fold upon phosphorylation, from 
around 0.5 (i.e. one tau for every two tubulin dimers) down to about 0.16 (one tau for six tubulin dimers). 

55 Note that the binding o! unphosphorylated 4-repeat isoforms (such as htau34) is particulary tight {K^ round 

1-2uM). 

Rg. 1 0: Diagram of htau40, showing the location of the 7 ser-pro motifs phosphorylated by the kinase activity. The 
boxes labefed 1-4 are the internal repeats involved in microtubule binding; the second is absent in some 
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isoforms (ag. htau23). The two shaded boxes near the NMerminus are inserts absent in htau23 and 
htau24 so that these molecules have only 6 ser-pro motifs. The following radioactive tryptic peptides were 
found: 

5 

24- 49: KWSnxWEODTDAGUClS^LQ 

191-209: S<ra<rr5S.PGS*?CT?GSa 
10 231-2*0: TPPKS-PSSAK 

396-406: SPWSG0T5.PR 
15 335-406: TDHGA- 1 VTfXS- P W5 ZQTSM 

407-428: HLSKYS$u3!DKVCS*?QUUl 
20 260-265: ICS-TIKI 



25 Fig. 1 1 : Binding of htau34 to microtubules, before (circles) and after phosphorylation for 90 min (stage 1 , triangles). 

The reduction in binding capacity is very similar to that after 24 hours phosphorylation (compare Fig. 9b). 
Fig. 12: SDS-PAGE and immunoblots of tau protein from Alzheimer and normal human brain with antibodies 
SMI33, SM131 , and SM134. 

(a) Lane 1 , SDS-PAGE of tau protein from a normal human control brain, showing 5-6 bands between M,55 
30 and 65 kD (somewhat lower than the PHF tau of lane 3). Lane 2, normal human tau after phosphorylation 

with kinase activity, resulting in an upward shift of at! bands. Lanes 3, 4, immunobiot of PHF tau with anti- 
body 5E2 which recognizes all tau isoforms independently of phosphorylation (Kosik et al., Neuron 1 
(1988), 817-825). Lane 3, PHF tau as isolated from an Alzheimer brain; lane 4, after dephosphorylation 
with alkaline phosphatase. Note that the bands of the dephosphorylated protein are shifted down on the 
35 gel. 

(b) Immunobiot of (a) with SM133. The antibody recognizes norma! human tau (lane 1), and PHF tau after 
dephosphorylation (lane 4). 

(c) Immunobiot of (a) with SMI31 . Note that the antibody recognizes normal human tau after phosphoryla- 
tion, and PHF tau in its natural state of phosphorylation (lanes 2, 3). 

40 (d) Immunobiot of (a) with SMI34. This antibody recognizes normal human tau only after phosphorylation 

(lane 2), and PHF tau (lane 3). 
Fig. 1 3: Time course of phosphorylation of bacterially expressed human isoform htau23 (similar to previous figure) 
and immunoblots with antibodies SMI33, SMI31, SMI34, TAU1, and AT8. 
(a) SDS-PAGE, phosphorylation times 0-24 hours, showing the successive M r shifts. 

as (b-f) Immunoblots with SMI31, SMI34, SMI33. TAU1, and AT8. Antibodies SMI33 and TAU1 recognize 

htau23 fully up to the end of stage 1 (2 hours), but the epitope becomes blocked during the second stage. 
Antibodies SMI31 , SMI34, and AT8 are complementary in that they recognize the protein only in the sec- 
ond and third stage of phosphorylation. 

(g-h) Immunobiot of htau34 with SMI33 and SMI310 which recognize the protein from the stage 2 phos- 
50 phorylation onwards, similar to SM 13 1 . 

Fig. 14: SDS-PAGE of tau and several constructs, and immunoblots with the antibodies SMI33, SMI31, and SMI34. 

(a) SDS-PAGE. Lanes 1 and 2: Construct K10 before and after phosphorylation with the kinase for 24 
hours. Lanes 3 and 4: Construct K17 before and after phosphorylation. Lanes 5 and 6: Construct K19 
before and after phosphorylation. All constructs except K19 show a shift upon phosphorylation. With K10 

55 one observes three shifted bands, with K1 7 there is only one shifted band. 

(b) Immunobiot ol (a) with SMI33: The antibody recognizes only K17 in the unphosphorylated form (lane 
3), suggesting that the epitope lies before the repeats. 

(c) Immunobiot of (a) with SMI34. The antibody recognizes K10 and K17 in the phosphorylated form (only 



11 



EP 0 911 398 A2 



top bands, lanes 2, 4). The antibody does not recognize K19 (the repeat region), but requires sequences 
on both the N-terminal and C-terminal side of the repeats. The epitope is therefore non-contiguous (con- 
formation-dependent) . 

(d) Immunobiot of (a) with SMI31 . The antibody recognizes only the top band of the phosphorylated K10 
5 (lane 2), suggesting that the epitope lies behind the repeat region. 

Fig. 1 5: Diagram of point mutants of htau40 and htau23. 

Fig. 1 6 : SDS gel of htau40 and the point mutants of Fig. 1 5, and immunoblots with antibodies SMI33, SMI31 , and 
SMI34. 

(a) Lanes 1 -8, SDS gel of htau40 and its mutants KAP235, KAP396, and KAP235/396 in the unphospho- 
10 rylated and phosphorylated form (+). In each case phosphorylation leads to an upward shift in the SDS gel. 

(b) Blot of (a) with SMI33. The antibody response is strongly reduced when S235 is mutated, both in the 
dephosphorylated and phosphorylated state (lanes 3+4, 7+8). This indicates that the (dephosphorylated) 
first KSP motif is part of the epitope of SMI33. When S396 is mutated to A the behavior is similar to the 
parent molecule, i.e. strong antibody response in the dephosphorylated state, no reaction in the phospho- 
rs rylated state, so that S396 does not contribute to the epitope of SMI33. 

(c) Blot of (a) with SMI31. The antibody recognizes htau40 and all mutants in the phosphorylated form 
(lanes 2, 4, 6, 8). This shows that phosphorylation of the two KSP motifs is not the main determinant of the 
epitope. 

(d) Blot of (a) with SM134. The reaction is similar to SMI31 but more pronounced, again indicating that the 
20 two KSP motifs are not essential. 

Fig. 1 7: Deletion mutants of tau and their antibody response, (a) SDS gel of constructs containing only two repeats 
(KS-K7) or one repeat (K13-K15), before and after phosphorylation, (b) Immunobiot of (a) with SMI34. 
Note that the antibody recognizes all phosphorylated proteins (K7 only weakly), (c) Immunobiot of (a) with 
SMI31. Note that the antibody recognizes the phosphorylated two-repeat molecules (K5-K5), but not the 
25 one-repeat molecules (K13-K15). Lanes 7 and 8 show htau40 as a control, (d) SDS gel of constructs K2, 

K3M, and K4, before and after phosphorylation, (e) Blot of (d) with SMI34. recognizing only K4 phosphor- 
ylated. (f) Blot of (d) with SMI31, recognizing only K2 phosphorylated. 

Fig. 1 8: Diagram of htau40 and various mutants used in this study. 

Fig. 19: Diagram of tau isoforms and constructs used in studies on tau dimerization and oligomerization 
30 (a) T8R-1 ,553 residues. MW 57743. derived from htau40 (see below), ft has two inserts near the N-termi- 

nus (29 residues each, hatched), a repeat domain of four repeats (numbered 1-4) which is duplicated with 
a small spacer in between 

(b) T8R-2.51 1 residues. MW 53459; it lacks the N-terminal inserts, but has the four repeats duplicated. 

(c) T7R-2.480 residues, MW 50212; similar to T8R-2, but without the second repeat sequence in the first 
35 repeat domain. 

(d) Htau40,441 residues, MW 45850, the largest of the six human tau isoforms (Goedert et a!.), with two 
N-terminal inserts and a repeat domain contaning four repeats. 

(e) Htau23,352 residues, MW 36760, the smallest of the human, tau isoforms, without the N-terminal 
repeats and only three repeats. 

40 (f) K1 1 , 1 52 residues, MW 1 6326, a repeat domain with four repeats plus a short tail. 

(g) K 12, 121 residues, MW 13079, a repeat domain with three repeats plus a short tail. 
Fig. 20: SDS PAGE (4-20%) and gel chromatography of tau constructs and cross-linked products. Gels a and c 

were run in reducing conditions (3 mM DTT in sample buffer), gel b in non-reducing conditions (except lane 

1 with 3 mM DTT in sample buffer). 
45 (a) Constructs T8R-1 , Htau23 and K12. Molecular weight markers are given on the left. 

(b) Construct K12 and cross-linked products. Cross-linking occurs spontaneously in the absence of DTT; 
it can be prevented by DTT, or induced by addition of PDM or MBS. Aggregation products are labeled on 
the right (monomers, dimers, trimers, tetramers etc.). 

(c) Silver stained SDS gel of a Superose 12 gel filtration run of K12 cross-linked by PDM. The dimers (top 
so band) elute before the monomers. Fractions 1 6 and 1 7 were used for electron microscopy. 

(d) Elution profile of Superose 12 gel filtration of construct K12 monomers and dimers cross-linked with 
PDM. The elution positions of calibration proteins are plotted against their effective hydrated Stokes radii 
on a logarithmic scale (right axis). 

(e) CD spectrum of construct K12 (8 mg/ml in 40 mM HEPES pH 7.2, path length 0.01 mm). There is no 
55 significant a-helical or p-sheet structure. Similar spectra are obtained with other constructs as well as with 

full length tau. 

Fig. 21 : Synthetic paired helical filaments from construct K12. 

(a) A tangle of synthetic pHFs from K12 (crossover period of = 70-75 nm indicated by arrowheads). The 
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construct was expressed and purified by the methods described previously (Steiner et al.). It was dialysed 
against 0.5 M Tris-HCI, with pH values between 5.0 and 5.5. The solution was negatively stained with 2% 
uranyl acetate. 

(b) and (c) Single fibers of synthetic paired helical filaments made from construct K12. Note the crossover 
5 repeats (arrowheads) and the rod-like particles of lengths around 1 00 nm (c. middle). Bar = 1 0Onm. 

Fig. 22: Synthetic paired helical filaments from K12 dimers cross-linked with PDM and negatively stained with 1% 

phosphotungstic acid (micro-graphs provided by M. Kniel). Bar = 100nm. 
Fig. 23: Paired helical filaments from Alzheimer brain (micrographs provided by Dr. LichtenbergKraag). 

(a) P HFs from neurofibrillary tangles prepared after Wischik et al., stained with 1 % phosphotungstic acid. 
to This preparation contains homogeneous long filaments which still retain their pronase sensitive "fuzzy 

coal" The crossover repeat is 75-80 nm, the width varies between a minimum of about 10 nm and a max- 
imum of 22 nm. 

(b) PHFs prepared after Greenberg & Davies. This preparation results in soluble filaments of shorter length 
than in (a) and is more heterogeneous. (1) is a paired helical filament with a 72 nm repeat and a width var- 

15 ying between 8 and 1 8 nm; (2) is a straight filament of 8 nm width: (3) is a twisted fOament with a particu- 

larly wide diameter (up to 25 nm): (4) is a straight filament with a wide diameter (18 nm): (5) is a twisted 
rod-like particle about 80 nm long, equivalent to about one crossover period. In many cases the particles 
appear to have broken apart across the filament, e.g. the two rods labeled (4), the twisted filament of (3) 
and the short stub to the right of it, or the two straight rods above particle (3). Bar = 100 nm. 

20 Fig. 24: Electron micrographs of tau isoform htau23 and construct T8R-1 prepared by glycerol spraying and metal 
shadowing 

(a) monomers of htau23. 

(b) dimers of htau23, 

(c) monomers of T8R-1 , 

25 (d) folded forms of T8R-1 (hair-pin folds showing intramolecular antiparallel association), 

(e) dimers of T8R-1. For lengths see Table 1 and Rg. 7. Interpretative diagrams are shown on the right. 
Bar = 50 nm. 

Rg. 25: Length histograms of tau constructs and dimers. 
Fig. 26: Electron micrographs of constructs K1 1 and K12. 
30 (a) Monomers of Kl 1 , 

(b) dimers of K1 1 

(c) tetramers of K11 formed by longitudinal association of two dimers. 

(c) Monomers of K12, 

(d) dimers of K1 2, 

35 (e) tetramers of K1 2. Bar = 50 nm. 

Rg. 27: (a) K12 dimers cross-linked by PDM (i.e. Cys322 to Cys322); 

(B) K12 dimers cross-linked by MBS (i.e. Cys322 to nearby Lys). Bar = 50 nm. 
Rg. 28: Antibody labeling of htau23, K12 and cross-linked products thereof. 

(a) htau23 dimers with an antibody al one end (left) and with an antibody at each end (right) demonstrating 
40 the antiparallel dimerization of htau23; 

(b) K12 dimers with an antibody at one end (left), with antibodies at both ends (middle) and presumable 
tetramers with antibodies at the free ends (right) indicating that this type of association blocks the epitope; 

(c) K1 2 dimers cross-linked with PDM, with an antibody at one end (left), with antibodies at each end (mid- 
dle) and a tetramer with antibodies at the free ends (right); 

45 (d) K12 dimers cross-linked by MBS with an antibody at one end (left), with antibodies at each end (middle) 

and a tetramer with antibodies at the free ends (right). Bar = 50nm. 
Fig. 29: Time course of phosphorylation of htau40 by GSK3 and immune response. (1 ) SDS-PAGE of htau40 after 
incubation with the kinase between 0 and 20 hours at 37°C. The minor lower band in lane 1 is a fragment. 
Note the progressive shift to higher Mr values, similar to the effects of brain extract and MAP kinase. 

so (2) Autoradiography. (3) ImmunoWot with the antibody TAU 1 whose reactivity is lost after *2 h (following the 

phosphorylation of S199 and S202). (S) Immunoblot with antibody SMI34 (conformation sensitive and 
against phosphorylated Ser). (6) Blot with SMI31 (epitope includes phosphorylated S396 and S404). (7) 
Blot with antibody SMI33 which requires a dephosphorylated S235. There are some differences with 
respect to phosphorylation by MAP kinase or the brain extract. The SM133 staining persists for a long 

55 period, suggesting that Ser235 is only slowly phosphorylated by GSK3. The staining of SMI31 appears 

very quickly, before that of AT8 or SMI34, showing that S396 and S404 are among the earliest targets of 
GSK3. 

Rg. 30: Mobility shift of htau23 versus mutant htau23/A404 upon phosphorylation with GSK3. Top. SDS gel, bot- 
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torn, autoradiogram. Lanes 1 -3, htau23 unphosphorylated and phosphorylated for 2 or 20 hours. Note the 
pronounced shift and the clear incorporation of phosphate. Lanes 4-6, mutant Ser404-Ala, unphosphor- 
ytated and phosphorylated for 2 and 20 hours. The shift after 2 hours is much smaller and the degree of 
phosphorylation much lower. This shows that the first strong shift and phosphorylation is at Ser404. similar 
5 as with MAP kinase and the brain extract kinase activity. 

Fig. 31 : Diagrams of tau constructs. Top, AP 1 7, a derivative of htau23 with all Ser-Pro or Thr -Pro motifs altered into 
Ala-Pro. Middle, AP11, only Ser-Pro motifs changed into AlaPro. Bottom, K18, only 4 repeats of tau 
(derived from htau40). 

Fig. 32: Copolymerization of MAP kinase and GSK3 with porcine brain microtubules, (a) SDS gel of microtubule 

io purification stages. Ex * brain extract supernatant after first cold spin. S = supernatant of first hot spin = 

tubulin and MAPs not assembled into microtubules after warming to 37°C; P = pellet of redissoived micro- 
tubules. The other lanes (S, P) show two further cycles of assembly and disassembly by temperature shifts 
(last pellet of microtubule protein was concentrated), (b) Blot with arrti-MAP kinase, showing mainly the p42 
isoform and some of the p44 isoform. (c) Blot with anti-GSK3p; note that this antibody shows some cross- 

75 reactivity with GSK3a. (d) Blot with anti-GSK3a. The Wots show that both kinases and their isoforms co- 

purify with the cycles of microtubule assembly. 
Fig. 33: (a) Identification of GSK3a and £ in normal and Alzheimer brain extracts. M = markers, lane 1 , SDS gel of 
normal brain extract, lane 2, irnmunobtot with anti-GSK3a; lane 3, immunoblot with anti-GSK3fj (with some 
crossreactivity to a). Lanes 4 and 5, same blots with Alzheimer brain extracts. 

20 Fig. 34: Binding curves of htau23 to microtubules (made from 10 uM tubulin in the presence of 20 uJVI taxol). Top 
curve (squares), htau 23 unphosphoryfated. Mkkfle (circles), htau23 phosphorylated with GSK3, showing 
a comparable stoichiometry as the unmodified tau protein (saturating 0.6 per tubulin dimer). Bottom curve 
(triangles), control of htau23 phosphorylated with the brain kinase activity, showing a pronounced 
decrease in stoichiometry. The solid lines show the best fits assuming independent binding sites. 

25 Fig. 35: (a) Diagram of htau23 and point mutants used in this invention, (b) Binding curves of htau23 and its point 
mutants to microtubules, unphosphorylated and phosphorylated with brain extract The top and bottom 
curves show unphosphorylated and phosphorylated wild type htau23, the other curves are after phospho- 
rylation. Mutants are (from top to bottom): Ser262-Ala. Ser235-Asp/Ser396-Asp, Ser404-Ala, Ser202-AIa. 
The mutation at Ser262 nearly eliminates the sensitivity of the tau-microtubule interaction to phosphoryla- 

30 tion. These curves were derived from quantitating SDS gels by densitometry (see Example 6). Polymer- 

ized tubulin is 30 The fitted stoichiometrics n (= tau/tubulin dimer) and binding constants K^hiM) are: 
htau23wt non-phos. (n=0,49, 1^=2.5); A262 phos. (n=0.45, 1^=5.3); D235/D396 phos. (n^O.32, 1^=7.4); 
A404phos. (n=0.32, 1^=9.3); A202 phos. (n=0.31, 1^=9.4); htau23wt phos. (n=0.16, 1^=4.9). 
Fig. 36: Binding curves of htau40 to microtubules. Top, unphosphorylated htau40 (triangles) ; middle, htau40 phos- 

35 phorylated with MAP kinase (circles); bottom, htau40 phosphorylated with brain extract (squares). Fitted 

dissociation constants and stoichiometries are as indicated. 
Fig. 37: (a) Diagram of total mutant AP18. All Ser-Pro Thr-Pro are replaced by Ala-Pro. In addition, Ser262 and 356 
are mutated into Ala. In the mutant AP17 Ser262 and Ser356 remain unchanged, (b) Binding curves of 
htau 23 and the "total" mutants AP17 and AP1 8 to micro-tubules without or with phosphorylation by brain 

40 extract Top, unphosphorylated htau23 (filled triangles); middle, phosphorylated AP18 (circles), the two 

bottom curves are phosphorylated AP17 (open squares) and htau23 (open triangles). The difference in 
behavior between AP1 7 and AP18 is due to the phosphorylation of Ser262 in AP17. Fitted stoichiometries 
and binding constants are: 

htau23wt non-phos. (n=0.49. 1^=2.5); AP18 phos (n=0.48, Kd=6.l); AP17 phos (n=0.18, ^=6.6); 

45 htau23wt phos. (n=0.16, K<p4.9). 

Fig. 38: Preparation of the kinase from porcine brain by chromatographic steps, (a) Mono Q HR 10/10 FPLC. The 
phosphorylation of recombinant human tau 34 and construct AP17 is shown on the y-axis as moles Pj 
transferred per mole of tau. Fractions which decrease the binding of tau to MT elute around fraction 12, 20 
and 30, the peaks around fractions 20 and 30 being the most effective, (b) Fractions 28-32 from Mono Q 

so were gel filtrated on a Superdex G-75 HiLoad 1 6/60 column. The col umn was calibrated with standard pro- 

teins as shown by the filled symbols: Ribonuclease, 14 kDal; chymotrypsinogen A, 25 kDal; ovalbumin, 43 
kDal; bovine serum albumin, 67 kDal. Molecular weight is indicate on the right y-axis on a logarithmic 
scale. The phosphorylation of htau34 and construct H18 is shown on the left y-axis. The highest activity 
elutes at a Mr of approx. 35 kDal. (c) Fractions 1 7-23 from the gel filtration column were pooled and rechro- 

55 matographed on a Mono Q HR 5/5 column. Fraction 10 was used for binding studies, (d) SDS-gel showing 

the main purification stages. M: Marker proteins; lane 1, whole brain extract, lane 2, Mono Q HR 10/10 
FPLC, fraction 30; lane 3. Superdex gel filtration, fraction 22; lanes 4-5, Mono Q HR 5/5 FPLC. fractions 
10 and 9. Lane 5 shows the purified 35 kDal band and a trace at 41 kDal. 
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Fig. 39- SOS gel and irvgel assay of kinase activity (for details see Example 11). (a) 7-1 5% silver stained SDS gel 
of fractions 9-11 (lanes 1-3) of second Mono Q run (see Fig. 38c). (b) Autoradiogram of an in-gei experi- 
ment, with tau construct K9 (= four repeats plus (Merminal tail of tau) in the gel and 5 uJ each of fractions 
9-1 1 (lanes 1 -3). (c) Autoradiogram of control gel containing no tau protein and showing no autophospho- 
rylation of the Mono Q fractions. Note that specific kinase activities are difficult to quantify from these gels 
since the renatured protein tends to diffuse out of the gels; this is especially true of the 35 kDal band. 
Fig 40- Effect of phosphorylation of tau by 35 kDal kinase on gel shift and microtubule binding, (a) SDS gel of 
htau23 and constructs phosphorylated by several kinases. M. marker proteins. Lanes 1 and 2, htau23 with- 
out and with phosphorylation by 35 kDaJ kinase. Lanes 3 and 4, same experiment with point mutant 
htau23(Ser409-A!a) (no shift); lanes 5 and 6, point mutant htau23(Ser416-Ala) (only part of the protein 
phosphorylated, but otherwise same shift as in lane 2); lanes 7 and 8. point mutant htau23(Ser404-Ala) 
(same shift as lanes 2 and 6). The mutants show that the 35 kDal kinase induces a shift by phosphorylating 
Ser409. Note that Ser404 is the target of MAP kinase, Ser416 of CaM kinase (Steiner et al., 1990. ibid.), 
and Ser409 and Ser416 of PkA, each of which induces a shift. Lanes 9-1 1 show a comparison of the shifts 
induced in htau23 by the different kinases (CaM kinase. PKA and MAP kinase). The shifts induced by PKA 
(lane 10) is the same as that of the 35 kDal kinase, and that MAP kinase produces by far the largest shift, 
typical of the Alzheimer-like state of tau. The bars on the right indicate the shift level; from bottom to top, 
unphosphorylated htau23 (control), CaM kinase shift level, PKA shift level, MAP kinase shift level. All shift 
sites are near the C-terminus. (b) Binding curves of htau23 and the mutants Ser262-Ala to microtubules 
without or with phosphorylation by the 35 kDal kinase (Mono Q fraction 10, 20 hours). Top. unphosphor- 
ylated htau23 (open circles, n=0.49, Ktf=2,5 uM); middle, phosphorylated mutant (squares. n=0.44, 
Ktfsl 1 .6 uM); bottom, phosphorylated htau23 (filled circles. n=0.21 , Kc=8.8 uM). In the absence of Ser262 
the reduction in stoichiometry is 0.05; with phosphorylated Ser262 it is 0.28. 
Fig. 41 : ' Diagram of htau40, highlighting the first microtubule-binding repeat and the Ser252 that is important for 
25 microtubule binding. 

Fig. 42: 1. Dephosphorylation ("dephos.") of p32-marked htau40 ("ht40 32 P") with different Ppases. Autodiagraphs 
of 7-15 % SDS gradient gels. 



10 



15 



20 



30 



Fig.1 : Autoradiography of 7-15% SDS gradient gels. 
A. Dephos. with PP2a H-isoform (10ug/m!) 



Lane 1 : ht40P before dephos. 
Lane 2: 10 min dephos. 
3 5 Lane 3: 30 min. dephos. 

Lane 4: 120 min dephos. 

B. Dephos. with PP2a M-isoform (10ug/ml). 

40 Lanes 1 -4: see A. 

C: Dephos. with PP2a L-isoform (10M.g/ml), 



Lanes 1 -4: see A. 

45 

D: Dephos. with catalytic subunit of PP1 (500 U/ml), 
Lanes 1-4: see A. 

so Fig. 43: 2. Dephosphorylation with PP2a-H: disappearing of phosphorylation dependent antibody epitopes 
A.SDS-PAGE(7-15%). 

Lane 1 : ht40P before dephos. 
55 Lane 2: 10 min dephos. 

Lane 3: 30 min. dephos. 
Lane 4: 120 min dephos. 
Lane 5: 5h dephos. 
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Lane 6: 16h dephos. 

B. Autoradiographs 

C. Immunoblot AT-8 

D. Immunoblot Tau- 1 A 

E. Immunobiot SMI-33 

Fig. 44: Kinetics of dephos. with PP2a-H 

a. time course of dephos. of ht40P with different concentrations of PP2a 

b. variation in the ht40P-concentration: Michaelis-Menten-Diagramm. 

Fig. 45: Preparation of the 70 kDa! kinase which phosphorylates the two IGS motifs and the two CGS motifs of tau 
protein (Serines 262, 293, 324, 409). The kinase strongly reduces the affinity of tau for microtubules. 

(a) Chromatography on S-Sepharose. Kinase activity eiutes at 250 mM NaCI. 

(b) Chromatography on heparin agarose. Kinase activity eiutes at 250 mM NaCI. 

(c) Gel filtration on Superdex G-75. Kinase activity eiutes at 70 kDa!. 

Fig. 46: Time course of phosphorylation of htau40 with cdk2/cyclin A. Lanes 1 -9 correspond to time points 0. 10. 
30. 90 min, 3, 6, 10, 24 hours, and 0 min (the 0 min lanes are the control). 

(a) SDS poryacrylamide gel electrophoresis, showing the shift of the protein upon phosphorylation. 

(b) Autoradiogram showing increasing incorporation of phosphate. 

(c) Immunoblot with TAU-1 antibody which recognizes only unphosphorylated Ser199 and Ser202. 

(d) Immunoblot with AT-8 antibody which recognizes these two serines in a phosphorylated state, as well 
as Alzheimer tau. 

Example 1 Preparation of tau protein 

[0078] Preparation of tau from normal brains : The procedures of tau preparation from human, bovine, or porcine 
brain, dephosphorylation, and ^phosphorylation were essentially as described by Hagestedt et al.. J. Cell. Biol. 109 
(1989). 1643-1651. 

[0079] Preparation of tau from Alzheimer brains : Human brain tissues from neuropathologically confirmed cases of 
Alzheimer's disease were obtained from various sources. The autopsies were performed between 1 and 25 hours post 
mortem. The brain tissue was kept frozen at -70°C Tau from paired helical filaments (PHF) was prepared according to 
Greenberg & Davies, Proc. Natl. Acad ScL USA 87 (1990), 5827-5831. 

Example 2 Characterization and partial purification of the tau phosphorating activity (protein kinase) of pore brain 
extract 

[0080] Pore brain extract supernatant was fractionated by ammonium sulphate precipitation. The main kinase activity 
precipitated at 40% saturation. This fraction was desalted by gel filtration, diluted fivefold and incubated in activation 
buffer (25 mM Tris. 2mM EGTA, 2mM DTT, 40mM p-nitrophenytphosphate, 10 pM okadaic acid. 2 mM MgATP, protease 
inhibitors) for 2 hours at 37°C. During this incubation a phosphorylation of a 44 kD protein at tyrosine residue(s) occurs 
as shown by Western blotting with arrti-phosphotyrosine mAb. The 44 kD protein could be identified as MAP2 kinase by 
a second mAb. 

The crude enzyme activity was further purified by ion exchange chromatography (Mono Q FPLC, Pharmacia). Fractions 
containing the activated MAP-Kinase, as shown by Western blotting, exerted the most prominent tau phosphorytating 
activity (Peak I). A second tau phosphorylating activity (Peak II) did not induce comparable SDS-gel shifts and Alzhe- 
imer-specific antibody reactivity in tau. 

Example 3 Construction of plasmids carrying genes encoding recombinant tau polypeptides for the determination of 
Alzheimer tau protein specific epitopes 

[0081] Cloning and expression of tau constructs : Plasmid preparations and cloning procedures were performed 
according to Sambrook et al. (Molecular Cloning Laboratory Handbook, 2nd edition, Cold Spring Harbor Laboratory. 
Cold Spring Harbor, 1989). Amplifications by the polymerase chain reaction (PCR, Saiki et al., Science 239 (1988), 
487-491) were carried out using Tag polymerase as specified by the manufacturer (Perkin Elmer Cetus). The tau genes 
and their constructs were expressed in the expression vector pNG2, a derivative of pET-3b (Rosenberg et at., Gene 56 
(1987), 125-135), modified by removal of Pstl. Hindlll, Nhel and EcoRV restriction sites for convenient engineering of 
the tau gene. For the expression the BU21 (DE3) E. coH system (Studier et al.. Meth. Enzym. 185 (1990), 60-89) was 
used. Most constructs were derived from the human isoform htau23 which contains 352 residues and three internal 
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repeats in the C-terminal microtubule binding region (Goedert et al., Proc. Natl.. Acad. ScL USA 85 (1988). 4051-4055). 
The numbering of residues used here refers to 1he sequence of htau40. the largest of the human isoforms (441 resi- 
dues Goedert et ai ibid.). For the isolation of the constructs use was made of the heat stability of the prote.n; they were 
separated by FPLC Mono S (Pharmacia) chromatography according to the procedure described by Hagestedt et al.. J. 
Cell. Biol. 109 (1989), 1643-1651. 

10082] K10: This represents the caiboxy part of the htau23 isoform consisting of 168 residues (Q244-L441 plus start 
methionine, but without the second repeat V275-S305). The K10 tau cassette was generated in P***^ ^ 
tor by deletion of the Ndel-Pstl fragment and replacing it with a chemically synthesized hexamer 5TATGCA3 . Atter reu- 
gation the Ndel endonuclease site was restored and Pstl site was damaged. 

[0083] r-nn^mr^KH and K12 were made by a combination of fragments derived from the htau23 andhtau24 genes. 
E? i a tau lriv^ecomaining 4 repeats and consists of 152 amino acids (Q244-Y394 plus start melh.on.ne). K12 
is a tau derivative containing 3 repeats and consists of 121 amino acids (Q244-Y394 plus start methionine, but wrthout 
the second repeat V275-S305, htau40 numbering). 

m ail i>a a ndhtau40 are human tau isoforms consisting of 352 and 441 amino acids, respectively (8). 
mo&4] | KIT TheK17tau cassette (145 residues) is a shorter derivative of K16. It was made in two steps: First K16 
was constructed using PCR to engineer the htau24 gene. The 5" "add on" of restriction sites on both en* of the ampli- 
fied fragment was applied to facilitate the insertion of the PCR products into the cloning vector. The start primer (JB50 
had the sequence GGCG fG/C damp"), the CATATG recognition site for the Ndel nuclease (coining the unrversal 
ATG startcodon) followed by coding information for amino acids S198-T205. The slop primer (JB51) had a G/C 
clamp" and the GGATCC recognition sequence for BamHI followed by a stop antiaxlon arri anttood.ng W"» tor 
the C terminal amino acids P364-E372. The K16 tau cassette consists of 176 residues. 175 from htau40 (S198-E372) 
plus a start methionine. This fragment represents part of the assembly domain consisting of 46 residues between S198 
and the beginning of the first repeat following by the sequence of four repeats finished at E372. In thesecc £ step, a 
BstXI-BstXI fragment from the newly constructed tau K1 6 cassette was exchanged against the similar BstXI-BstXI frag- 
ment from the htau23 gene containing only three repeats and causing the generation of the tau cassette K17. Thus K17 
represents the analogous part of the projection domain like K16 but missing the second tau repeat 
r00851 K3M (355 residues) is a chimera consisting of 145 residues from the amino terminus of bovine Tau4 (from the 
plasmid pETNde43-12, Himmler et al., Met. Cell. Biol. 9 (1989). 1381-1388) and 190 residues from carboxy part of 
human htau23 (from the plasmid P UCl8/htau23, Goedert et al.. 1988 ibid.). It is a molecule wrth three "P<^ *° 
amino terminal inserts, consisting of 29 residues each. K3M was constructed by excision of Xmal-BcH fragment from 
D ETNde42-12 and replacing it with analogous Xmal-Bcll fragment originated from the htau23 gene. This manipulation 
removed 64 residues (Xmal-Xmal segment from bTau4) and replaced the 4 repeats carboxy terminus against three 
rsosfits cEnrtooxy tsrminus 

[0086] K12 represents the three repeats of htau23 and consists of 99 residues (Q244-E372 plus start methionine^ 
without repeat 2). The K19 molecule was constructed from K17 by replacing the 144 nf long Ndel-Pstl fragment with 
the synthetic hexamer 5TATGCA3'. This modification retains the intact Ndel restriction site in the beginning of the mol- 
ecule and removes the Pstl site. . . 

[0087] r-nnstn,ntion of the n-mutant of htau23 : In order to replace S199 and S202 by D in htau23. a double stranded 
DNA cassette encoding the amino acids G164-P219 was designed. This DMA segment was assembled from 8 oligonu- 
cleotides (30 to 60 nucleotides in length) and contained Sfil and Xmal sticky ends. The insertion of the assembled cas- 
sette into linearized pNG2/htau23 vector with removed native Sfil-Xmal fragment created the required gene. 
[0088] rwin ^nnrhtaugS/A^ : htau23/A404 is a mutated htau23 molecule where Ser404 was replaced by the 
Ala in order to remove ithis phosphorylation site. For convenient manipulation of the htau23 gene, an arttoa Ncol 
restriction site in the position 1161 (htau40 numbering) was introduced. This mutation was done ^~ R "^f<J^ 
ing by overlap extension. Higuchi et at. Nucl. Acids. Res. 1 6, (1988), 7351 -7367). The new Ncol does ™t influence the 
amino acid sequence of tau protein. For the introduction of the Ala residue in the position 404 a synthetic DNA cassette 
was used representing the 120 bp DNA fragment between Ncol and Nhel restriction sites and encoding the amino 
acids His388-Thr427. This DNA segment was assembled from 4 oligonucleotides (54 to 66 nucleoUdes hi i length) a nd 
contained Ncol and Nhel sticky ends. The insertion of the assembled cassette into the linearized pNG2/Mau23/Ncol 
vector with removed native Ncol-Nhel fragment created the htau23/A404 gene. The mutation of Ser396 to Ala was cre- 
ated in similar way like thai in the position 404. ^ 1CQr „ 
100891 K2 (204 residues) is a chimera consisting of 36 residues from the ammo terminus of bovine Tau4 and 168 res- 
dues from the carboxy part of htau23; it contains three repeats. K4£Z are deleBon mutants of rrtau23 containing only 
two repeats: K4 has r^eats No. 1 and 3 (270 residues. D345-A426 excised); K5 has repeats No. 1 and 3 (3 0 resdues 
D345-T386 excised): K6 has repeats No. 3 and 4 (322 residues, T24S-K274 excised): K7 has repeats No. 1 and 4(321 
residues, V306-Q336 excised): note that repeet No. 2 is a^ays absent in htau23. KJ^KJS are delebon mutante i of 
htau23 containing only one repeat: K13 has repeat No. 4 (291 residues. T24W336 excised); K14 has repeat No. 3(279 
residues, T245-S305 and D345-D387 excised); K15 has repeat No. 1 (278 residues. D345-D387 excised). 
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Example 4 Determination of Alzheimer specific epitope in the tau protein 

[0090] A panel of antibodies against PHFs from Alzheimer brain was closely examined for their reactivity and one 
(AT8) was found that was specific for PHF tau. Fig. 1 shows the reactivity of the antibody AT8 against different tau spe- 

5 cies. In the case of tau from Alzheimer paired helical fflaments (PHF) the antibody recognizes all isoforms (Fig. 1b, lane 
1). When the mixture of tau isoforms from normal bovine or human brain was tested (known to be in a mixed state of 
phosphorylation, Fig. 1a, lanes 2-5), reactivity with the AT6 antibody (Fig. 1b) was detected. The same is true for the 
six individual human isoforms expressed in E. coli (unphosphorytated, Fig. 1a and 1b, lanes 6-1 1). It is concluded that 
AT8 is indeed specific for Alzheimer tau; in particular, it reacts with a phosphorylated epitope that occurs only in PHFs, 

10 but not in normal tau. Moreover, there is a correlation between the AT8 reactivity, phosphorylation, and electrophoretic 
mobility; it appears as if there was an Alzheimer-like phosphorylation that caused an upward shift in the SDS gel. 
[0091 J In order to identify the kinase(s) that were responsible for this behavior, and the corresponding phosphorylation 
sites, a kinase activity from porcine brain extract was prepared as described in Example 2. The six human isoforms 
expressed in E. coli were phosphorylated according to standard procedures with this activity in the presence of okadaic 

is acid, a phosphatase inhibitor. Fig. 2a shows that each isoform changes considerably its electrophoretic mobility in the 
gel (upward shift) and shows a strong immunoreactivity with the AT8 antibody (Fig. 2b). These results show that the 
phosphorylation of tau by this kinase activity is analogous to that of the Alzheimer state. Moreover, since all isoforms 
are affected in a similar way the phosphorylation site(s) must be in a region common to all of them. 
[0092] The strategy to identify said common region was to use first the engineered mutants prepared as described in 

20 Example 3 in order to narrow down the site, and then to determine it by direct sequencing. Fig. 3 describes some of the 
mutants used, K19, K10, K17, and K3M (see also Example 3). Except for K19. all of these mutants are phosphorylated 
by the kinase activity and show an upward M shift in the SDS gel (Fig. 4a). K19 is a construct that comprises just three 
repeats of 31 or 32 residues. It does not become phosphorylated by the kinase activity and therefore does not show an 
M, shift in the SDS gel (Fig. 4c). 

25 [0093] This means that the phosphorylation site(s) are outside the region of the repeats. Phosphorylation can take 
place on either side of the repeats and induces an upward shift in the gel; the shift is larger for phosphorylation after the 
repeats. The antibody AT8 recognizes none of the unphosphorylated forms (as expected); after phosphorylation it 
reacts only with the construct K17 (Fig. 4b, lane 6), not with K10 or K3M (Fig, 4b. lanes 4 and 8). In other words, K17 
retains the epitope, while K10 and K3M have lost it. By reference to Ftg. 3 it is concluded that the epitope is not in the 

30 region of the pseudo-repeats nor in C-terminal tail where we found a CaM kinase site previously (since K10 and K19 
are non-reactive), but rather it has to be between S1 98 and T220 (Fig. 3, peptide P), i.e. in the region following the major 
chymotryptic cleavage site (behind Y197) in the "assembly" domain of tau. 

[0094] Next a total tryptic digest of radioactively labeled htau34, an isoform with 4 internal repeats (Goedert et a)., 
1989, ibid.) was carried out. The peptides were isolated by HPLC and sequenced. One of them was in the area of inter- 
35 est, S195-R209 (Fig. 5). This peptide contained two phosphates at S1 99 and S202. Both are followed by a proline, sug- 
gesting that the enzyme active in the extract was a pro-line-directed kinase. 

[0095] These results suggested that the phosphorylation sensitive AT8 epitope might be in the vicinity of residue 200. 
This was tested by engineering a mutant of htau22 (3 repeats, no N-terminal insert) where S199 and S202 were both 
changed to D. This choice was made in order to rule out the phosphorylation of these residues by a kinase, but also to 
40 mimick in part the "phosphorylated" state in terms of negative charges. On SDS gels this mutant showed a small 
upward shift to higher M (Fig. 6, lane 4). The immunoblots show that only the parent protein htau23 reacted with the 
antibody after phosphorylation (Rg. 6, lane 6), but not the unphosphorylated htau23 (as expected) nor the mutant, 
whether phosphorylated or not (lanes 7, 8). 

[0096] It is concluded that the epitope of AT8 is in the region S1 99-S202 and depends on the phosphorylation of these 
45 two serines. They can be phosphorylated by a proline-directed kinase present in brain extract which turns the protein 
into an Alzheimer-like state. The region is perfectly conserved in all tau variants known so far and explains why all of 
them respond to phosphorylation and to the antibody in the same way. 

Example 5 Characterization of the protein kinase activity 

50 

[0097] Phosphorylation of tau proteins was carried out in the following way: Tau protein (0.5 mg/ml) was incubated for 
various times (up to 24 hours) at 36°C with the brain extract in 40 mM HEPES containing 2 mM MgCI 2 , 1 mM DTT. 5 
mM EGTA, 1.5 mM PMSF, 2 mM ATP. 20 ^ig/ml protease inhibitor mix (pepstatin, leupeptin, alpha-macroglobulin, apro- 
tinin), with or without 1 mM okadaic acid. After that 500 mM DTT were added, the solution was boiled for 10 min and 
55 centrifuged for 15 min at 15000 g at 4°C. The supernatant was dialyzed against reassembly buffer (RB, 100 mM Na- 
PIPES pH 6.9, 1 mM EGTA. 1 mM GTP, 1 mM MgSO,, 1 mM DTT) and used for binding studies. 
[0098] Radioactive labeling was done with gamma-{ 32 P]ATP (NEN Du Pont) at 10 mCi/ml, 3000 Ci/mmot diluted to 
1 5-30 Ci/mo! ATP for autoradiography on SDS gels. The phosphate incorporated into the protein was quantified as fol- 
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lows: 1 jig of phosphorylated protein was applied to SDS gels, the bands were cut out and counted in the scintillation 
counter in Cerenkov mode. The counter was calibrated with known samples of (detection efficiency about 50% in 
Cerenkov mode). The corrected counts were translated into moles of Pj per mole of tau on the basis of the known spe- 
cific activity of radioactive ATP used during phosphorylation. 
5 [0099] A remarkable feature found for this kinase is that it shifts the M r of all tau isoforms in three distinct stages (see 
Fig. 7a and 8a for the case of htau23). During the first two hours of phosphorylation the protein is converted from a M ro 
= 48 kD protein to a slower species, with an M r1 of about 52 kD. Upon completion of this first stage, a second one sets 
in which is finished around 6.10 hours (M^ = 54 kD), The third stage takes about 24 hours (M^ = 56 kD), after that no 
more shift is observed. 

jo [0100] During the initial stage each band of the tau doublet incorporates phosphate (e.g. at a level of about 0.5 Pj per 
molecule in the presence of OA at 30 min, see Fig. 7b, lane 4). This means that there must be at least two distinct phos- 
phorylation sites, one that is responsible for the shift (the "shift she", upper band), and one that has no effect on the M r 
(lower band). The lower band gradually disappears, and at two hours each tau molecule contains about 2 P ( . In other 
words, the upper band contains tau molecules in which the "shift site" is phosphorylated, irrespective of the other 

is site(s)'; whereas the lower band contains only molecules where the shift site is not phosphorylated. The effect of OA is 
seen mainly in the lower band, indicating that the phosphatase operates mainly on the non-shift site(s). These consid- 
erations apply to the first stage of phosphorylation; during the second and third stages there are further shirts, but a 
detailed analysis of shift sites and non-shift sites is not possible because of the overlap of bands. Overall about two 
additional phosphates can be incorporated in every stage, giving a maximum of 6 for htau23 and 7 for htau34. These 

20 values refers to the presence of OA; without it we usually find «1 -2 Pj less. When the purified kinase is used, one finds 
12-14 P L 

[0101 ] Since the major shift occurs during the first stage, and since a large shift is considered a hallmark of Alzheimer 
tau, it was suspected that the first stage phosphorylation might induce an Alzheimer-like state. This was checked by 
immunoblotting according to standard procedures with Alzheimer-specific antibodies. Fig. 8a shows a similar phospho- 
25 rylation experiment as above (with 10*iM OA throughout). Fig. 8b is the immunoWot with the monoclonal antibody 
SMI34 which reacts with a phosphorylated epitope in Alzheimer tangles (Sternberger et a!., ibid.). The antibody recog- 
nizes the bacterially expressed tau phosphorylated by the kinase, but only from stage 2 onwards. A similar behavior is 
found with other Alzheimer-specific antibodies tested. The result from these studies is that the major phosphorytation- 
dependent M r shift (stage 1 ) is distinct from the ones that generate the Alzheimer-like anttoody response (stages 2, 3). 

30 

Example 6 Tau protein in microtubule binding studies. 

[0102] Another point of interest with respect to the correlation between abnormal phosphorylation of tau proteins and 
Alzheimer's disease was whether the phosphorylation had an influence on tau's affinity for microtubules. This was 

35 tested using a microtubule binding assay. Accordingly, PC tubulin was incubated at 37°C in the presence of 1 mM GTP 
and 20 jiM taxol. After 10 min tau protein was added in different concentrations and incubated fa another 10 min. The 
suspensions were centrifuged lor 35 min at 43000 g at 37°C. The resulting pellets were resuspended in CB buffer (50 
mM PIPES PH 6.9. 1 mM EGTA, 02 mM MgCI 2 , 5 mM DTT, 500 mM NaCI). In the case of htau 23 and htau 34 the 
pellets and supernatants were boiled for 10 min and recentrrfuged for 10 min at 43000 g at 4°C (this step served to 

40 remove the tubulin component which otherwise would overlap with these tau isoforms on SDS gels). Pellets and super- 
natants (containing the bound and the free tau, respectively) were subjected to SDS PAGE (gradient 7-15 % acryla- 
mide) and stained with Coomassie brilliant blue R250. The gels were scanned at 400 dpi on an Epson GT 6000 scanner 
and evaluated on a PC 368AT using the program GelScan (G. Spieker, Aachen). The protein concentration on the gel 
was always within the linear range (up to 1 .5 optical density). The intensities were transformed to concentrations using 

45 calibration curves and used in the binding equation. 

[01 03] Ta u =n[Mt][Ta u 1r9e ]/{Kd+{Ta u lree I) , from which the dissociation constand Kd and the number n of binding 
sites per dimer were obtained by fitting. [Mf] is the concentration ol tubulin dimers polymerized in microtubules (usually 
30 pM). 

[0104] With fully phosphorylated protein (stage 3, 24 hours) a dramatic decrease in binding capacity of htau23 was 
so observed (Fig 9b) , from about one tau per two tubulin dimers to one tau per six tubulin di mers. In other words, it appears 
that unphosphorytated tau packs tightly onto a microtubule surface, whereas fully phosphorylated tau covers the micro- 
tubule surface less densely, as if it occupied more space. Fig. 9c shows the same experiment with htau34. The results 
are similar, i.e. there is a threefold reduction in binding capacity. Tau isoforms with four repeats, such as htau34, bind to 
microtubules particularly tightly in the unphosphorylated state (K^l -2 jiM). 
55 [0105] Since the major M r shift (see Example 5) occurs during the initial two hours it was of interest to find out which 
residues become phosphorylated during the first stage, and how they affected microtubule binding. As mentioned 
above, there are about two phospates incorporated during this period, one of which causes the shift from M ro to M r1 
Rg. 10 illustrates the binding of htau34 to microtubules after 90 min of phosphorylation. The striking result is that the 
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limited phosphorylation decreases the affinity as efficiently as the full phosphorylation. This means that the reduction in 
microtubule affinity precedes the Alzheimer-fike immunoreactivity (Fig. 8). 

[01 06] The analysis of tryptic peptides after 90 min showed four major peaks of radioactivity, with phosphates on ser- 
ines 202 235 404 and 262. Three of these are SP sites that are not in the repeat region, but rather flank that region 
in nearly symmetric positions (Fig. 11); the fourth (S262) is a non-SP site in the first repeal It is in particular note-worthy 
that S39S was not among the phosphorylated residues. This was unexpected since Lee et al. (1991, ibid.) had shown 
that S396 (the center of a KSP motif) was phosphorylated in tau from paired helical filaments. Thus S396 must become 
phosphorylated during the second or third stages of phosphorylation, concomitant with the immunoreactivity (Fig. 8b). 
[01 07] Several point mutants were generated according to standard procedures to find out which site(s) were respon- 
sible for the initial M, shift. When ser404 was turned into ala the M r shift during the first stage disappeared, whereas it 
remained- visible when ser199, 202. 235. or 396 were mutated. This means that the phosphorylation of ser404 
accounts for the one P, presentin the upper band of Rg. 7a or 8a. The additional -1 P, present after 2 hours is distrib- 
uted among serines 202. 235, and 404. 

[0108] Whereas the results on the "shift site" S404 of tau are clear cut. the factors responsible for the reduction of 
microtubule binding are more complex. The S404-A mutant binds to microtubules similarly as the parent htau34; after 
90 min of phosphorylation the stoichiometry decreases about 2-fold. i.e. less than the factor of 3 observed with the par- 
ent molecule. If S404 were the only residue whose phosphorylation was responsible for the loss of microtubule binding 
we would not expect any decrease in the mutant. The fact that a decrease is observed means that other factors play a 
role as well* these factors are presumably related to the incorporation of more than one P s at one or more of the other 
sites before or at the beginning of the repeat region (e.g. 202. 235. 262). However, these residues cannot by themselves 
be responsible for the full decrease of affinity either. In fact, point mutations at positions 202 or 235 show a similar effect 
as that of 404. i.e. only a partial reduction of binding. One possible explanation is that different phosphorylation sites 
interact in a cooperative manner and generate a new confirmation. 

Example 7 Time course of phosphorylation as determined by stage specific antibodies 

[0109] Neurofilament specific antibodies SMI31 , SMI34. SMI35 and SMI310 against a phosphorylated epitope and 
SMI33 against a non-phosphorylated epitope [(Sternberger et al.. Proc. HA Acad. 8d. USA 82 (1985). 4274-4276)] 
were used to detect stage specific phosphorylation of tau protein. SMI33 recognizes normal human brain tau (Fig. 12^ 
lane 1) but does not recognize PHF tau. except when it is dephosphorylated (lane 4). This suggests that the epitope of 
SMI33 is specifically blocked by some phosphorylation in the Alzheimer state which does not occur In normal brain tau. 
SMI3 1 and SMI34 both react in a complementary fashion to SM 133: Only PHF tau is recognized (Fig. 1 2c and 1 2d. lane 
3). but not when it is dephosphorylated (lane 4). nor the normal tau control (lane 1 ). 

[01 1 0] The testing of the various antibodies during the time course of phosphorylation shows that SM133 loses reac- 
tivity during the second stage of phosphorylation (see Fig. 7). 

[0111] For antibody SMI31 no reactivity is observed with the unphosphorylated protein (time 0) or during the first 
stage but the reactivity appears gradually during the second stage and remains throughout the third. A similar time 
course is found with antibody SMI34 (Fig. 13c and compare Fig. I2d. lane 3). SMI35, and SMI310 (Fig. 13g.h). For 
comparison the blots with ATS (Fig. 13f). a phosphorylation sensitive Alzheimer tangle antibody (Binder et al.. J. Cell. 
Bid 101 (1985), 1371-1379 are included) and TAU 1. an antibody against dephosphorylated tau. AT8 reacts si mflarly to 
SMI31 . SMI34, SMI35, and SMI310, while TAU1 is similar to SMI33. The striking feature of the blots is that in each case 
it is the stage 2 phosphorylation that determines the antibody response. 

[01 1 2] These experiments could be interpreted by assuming that the antibodies react with the same region of tau in 
a dephosphorylated or phosphorylated form; but this assumption is too. simple, as shown later. Two other features 
should be pointed out. however: One is that the largest gel shift (stage 1) is not the one that causes the Alzhe.mer-like 
immunoreactivity (appearing in stage 2). Thus not every gel shift of tau is diagnostic of the Alzheimer state, although 
conversely the Alzheimer state always shows a gel shift. Secondly, there is a surprisingly precise relationship between 
gel shift phosphorylation, and immunoreactivity with several different antibodies. 

[0113] ' The major phosphorylated motifs of neurofilaments are repeated sequences of the type KSPV where S is the 
phosphate acceptor; see e.g. Geisler et al.. FEBS Lett 221 (1987). 403-407. Tau has one such motif, centered at S396. 
and another KSP motif is centered at S235. The two KSP sites lie on either side of the repeat region and are conserved 
in all tau isoforms. By analogy one may suspect that these sites are involved in the reaction with the SMI antibodies that 
were raised against neurofilaments. We tested this in three ways, by mutating one or two of the serines, by making 
smaller tau constructs, and by direct sequencing of tryptic peptides. 

[0114) Constructs K10. K17. and K19 were examined before or after phosphorylation with the kinase (Fig. 14a). M0 
and K17 show an M r shift, but not K19. Note also that K10 and K17 are only partly converted to the higher M r form in 
this experiment, indicating that their phosphorylation is less efficient. K10 shows three shifted bands, indicating that 
there are three phosphorylation sites in the C-terminal region. K17 shows only one shifted band so that there is only 
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one shift-inducing site in the region before the repeats. Fig. 14b-d show the immunoblots with SMI33. SMI31. and 
SMI34; the data on SMI35 and SMI310 are similar to SMI31 (not shown). Antibody SMI33 reacts only with K17 in the 
dephosphorylated state, but not with K10 and K19 (Fig. 14, lane 3). This suggests that the epitope is in a region before 
the repeats, between S198 and Q244, outside the sequences covered by the other constructs. This would be consistent 
with an epitope at the first KSP site. Antibody SMt31 reacts with K10 in its phosphorylated form, but not K17 or K19 
(Fig. 14). Using similar arguments as before, the epitope is in the region T373-L441. consistent with the second KSP 
site. Finally, antibody SM134 labels htau23. K10 and K17. but not K19 (Fig. 14c). The latter property would argue 
against the repeat region as an epitope, but the remaining reaction with K10 and K1 7 would seem mutually exclusive. 
Our interpretations is that SMI34 has a conformational epitope that depends on tails on either side of the repeats and 
becomes fully stabilized only when at least one tail is present. However, the phosphorylation dependence is in each 
case the same as that of the intact molecule. 

[01 1 5] Since it was suspected that the two KSP motifs were phosphorylated by the kinase, it was tried to prove this 
directly. Radioactively labeled tryptic peptides of htau34 were identified by HPLC and protein sequencing, and phos- 
phorylated residues were determined. There are two major phosphorylated tryptic peptides in these regions; peptide 1 
(T231-K240, TPPKS p PSSAK) contains the first KSP motif, phosphorylated at S235, peptide 2 (T386-R406, TDH- 
GAEIVYKSpPWSGDTSpPR) contains the second KSP site, phosphorylated at S396 and S404. S416, the single phos- 
phorylation site of CaM kinase described earlier (Steiner el al. EMBO J. 9 (1990), 3539-3544, S405 in the numbering 
of htau 23 used earlier) is not phosphorylaled by the kinase used here. 

[01 1 61 Next point mutants of the phosphorylated residues 235 and 396 (Fig. 1 5) were made and analysed in terms 
of gel shift and antibody reactivity (Fig. 16). The parent protein htau40 and its KAP mutants have nearly identical M r 
values, and they all shift by the same amount after phosphorylation (Fig. 16. lanes 1-8). The reactivity of SMI33 is 
strongly reduced when S235 is mutated to A (Fig. 16, lanes 3, 7) and obliterated after phosphorylation (Fig. 16, lanes 
2, 4, 6, 8). This means that the epitope of SMI33 is around the first KSP site, but phosphorylation at other sites have an 
influence as well (perhaps via a conformation). The mutation at S396 (second KSP site) has no noticeable influence on 
the SMI33 staining (Ftg. 1 6b. lanes 5. 6). 

[01 1 7] As mentioned above, the epitope of SMI31 depends on the phosphorylation of sites behind the repeat region. 
When S396 is mutated to Ala the antfoody still reacts in phosphorylation dependent manner so that this serine is not 
responsible for the epitope by itself (Fig. 16c. lane 6). Mutation S404 to Ala yields the same result. However, if both ser- 
ines are mutated, the antibody no longer reacts upon phosphorylation (not shown). This means that the epitope 
includes the two phosphorylated serines. The binding of this antibody also has a conformational component: constructs 
with only one repeat (K13-K15) are not recognized (Fig. 17. lanes 10, 12. 14). 

[0118] SMI34 shows the most complex behavior because its reactivity depends on phosphorylation sites before and 
after the repeat region. This antibody recognizes all KAP mutats, so that S235 and S396 cannot play a major role. How- 
ever, the fact that SMI34 recognizes phosphorylated K17, K10, but not K19 (Fig. 17) suggests that the regions before 
and/or behind the repeats must cooperate with the repeats to generate the epitope. One possibility would be that the 
epitope is non-contiguous, another one is that it may depend on the number and conformation of the repeats. In order 
to check these possibilities constructs with different combinations of two repeats (K5. K6 ( K7, Fig. 18), and constructs 
with one repeat only (K13. K14, K1 5) were done. Al! of these showed a shift upon phosphorylation, and all of them were 
recognized by SMI34 (the reaction is less pronounced when the third repeat is absent, indicating that this repeat is par- 
ticularly important for the conformation, Fig. 1 7, lane 6). This means that the epitope of SMI34 does not depend on the 
number of repeats. However, the nature of the region just before the repeats seems to be important and in particular 
sensitive to charges. This can be deduced from constructs such as K2 or K3M where charged sequences have been 
brought close to the repeat region, resulting in a loss of SMI34 reactivity. In other words, it seems as if the charged 
sequences are capable of masking the epitope, independently of the phosphorylation itself (Fig. 17, lanes 2, 4). The 
interactions between the constructs and the antibodies are summarized in Table 1 . 

Example 8 

[0119] Cloning and expression of tau constructs: Plasmid preparations and cloning procedures were performed 
according to Sambrook et al. PCR amplifications were carried out using Taq polymerase as specified by the manufac- 
turer (Perkin Elmer Cetus) and a DNA TRIO-Thermoblock (Biometra). 

[0120] Tau cDNA clones and their constructs were subcloned into the expression vector pNG2 (a derivative of pET- 
3b. Studier et al.. modified in the laboratory by removal of Pstl, Hindlil. Nhel and EcoRV restriction sites for convenient 
engineering of the tau clones), or in expression vector pET-3a. For the expression, the BL21 (DE3) E.coli system was 
used (Studier et al.). All residue numbers refer to the sequence of htau40, the largest of the human isoforms (441 res- 
idues, Goedert et al.). For the isolation of the constructs the heat stability of the protein was used; they were separated 
by FPLC Mono S (Pharmacia) chromatography (for details see Hagestedt et al.). 

[0121] Construction of T8R-1: This is a tau derivative containing 8 repeats. It was constructed on the basis of the 
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bovine tau4 isoform (Himmler et al.). Two ptasmids. P ETNde43-1 2 (containing the btau4 gene) and pET-KO (containing 
KO which consists mainly of the four repeats plus leading and trailing sequences from the vector, Seiner et al£ were 
used for the construction of T8R-1 . The Ndel-Rsal DNA fragment from btau4 was connected with filled in Xmal-Bamm 
fragment of KO leading to chimeric molecule consisting of 553 amino acids. The T8R-1 gene encodes Met1-Bal393 con- 
nected through the artificially introduced Ser residue with the Gly248-Tyt394 tau fragment, followed by a 23 residue tail 
from the bacteriophage T7 sequence (Wau4o numbering). 

[01 22] Construction of T7R-2 and T8R-2: T7R-2 is a tau derivative containing 7 repeats, T8R-2 contains 8 repeats. 
Both molecules were constructed on the basis ot the human htau23 and htau24 isotorms (Goedert et al.). For the engi- 
neering of the T7R-2 and T8R-2 molecules. PCR repeat cassettes A1 (encoding 4 repeats). A2 (encoding the whole 
caiboxy part of the tau24 molecule including the four repeat sequence and the tau sequence behind them) and A3 
(encoding 3 repeats) were prepared. The T8R-2 molecule was generated by combination of A1 and A2 with Ndel-Pstl 
DNA fragment isolated from htau23. This tau derivative consists of 51 1 amino acids, the first 31 1 N-terminal residues 
of htau24 (Met1-Lys369. containing 4 repeats), followed by Gly -Thr link, then by 198 residues of the C-lerminus of 
Mau24 (Gln244-I_eu441 . four more repeats). The T7R-2 gene was generated similarly to T8R-2 but the A3 1 cassette ^was 
used instead of A1 . The T7R-2 protein consists of 480 amino acids, the first 280 N-terminal residues of htau23 (Met1 - 
Lys369. including 3 repeals), followed by GlyThr link, then by 198 residues ol the carboxy terminal part of htau 24 
(gln244-Leu441. containing 4 repeats, htau40 numbering). 

Example 9 Conformation of tau protein and higher order structures thereof 

(a) Conformation and dimerizatlon of tau constructs 

[01231 Fig 19 illustrates the types of constructs used in this example. Three types of molecules were used: (i) tau 
isoforms occurring in brain ranging from htau23 (the smallest isoform. 352 residues) to htau40 (the largest 441 residue, 
see Goedert et al.). They differ mainly by the number of internal repeats in the C-terminal domain (3 or 4) and the 
number of inserts near the N-terminus (0. 1. or 2). The internal repeats are involved in microtubule binding and ,n the 
formation of paired helical filaments; attention was then focused on the those constructs which would presumably y.eld 
information on the structure of the repeat region; (u) engineered constructs with an increased number of repeats. e.g. 
seven or eight (T7, T8); (Hi) constructs containing essentially the repeals only (e.g. K1 1 , K12). 
[0124] The SDS gels of Fig. 20 illustrate some of these proteins. Most tau constructs have M r values larger than 
expected from their actual mass (Fig. 20a). A notable feature is the tendency to form dimers and oligomers. This is par- 
ticularly pronounced with some constructs, for example K12 (F,g. 20b). The formation of dimers can already be 
observed by letting the protein stand for some time (Fig. 20b. lane 2). presumably because the dimers become fixed by 
a disulfide bridge; this can be prevented by DTT (lane 1). To test this, the cross-linker PDM which predominancy Rnks 
cysteines was used. This generates essentially the same products as in the absence of DTT (lane 3) Xhemicd cross- 
linking for construct K1 2 (2-5 mg/mf) was carried out by incubation in 40 mM HEPES pH 7.5 with 0.5 mM I 3TT for 30 
min at 37»C and followed by reaction for 30 min at room temperature with 0.7 mM PDM (Sigma) or 1 .5 mM MBS ^Pierce) 
added from freshly prepared stock solutions in DMSO. The reactions were quenched by addition wHh 5 n*J I DTT or 5 
mM DTT and 5 mM ethanolamine, respectively. Finally, dimers and higher oligomers can also be generated by MBS, 
which links cysteines and lysines (lane 4). The cross-linked species can be separated by chomatography on a Super- 
ose 12 column (Fig. 20c), allowing the study of a homogeneous population of dimers. For this purpose, the covalently 
cross-linked dimers were separated from the monomers by gel filtration on a Pharmacia Superose 12 FPLC column 
equilibrated and eluted with 50 mM Tris-HCL pH 7.6 containing 0.5 M NaSCN, 0.5 M LiCI and 2 mM DTT operated at a 
flow rate of 0.3 ml/min. Column fractions were analysed by SDS-PAGE. pooled and concentrated by centrifugaton 
through centrtaon 3 microconcentrators (Amteon). The column was calibrated with the proteins from the Pharmacia low 
molecular weight gel filtration calibration kit. Effective hydrated Stokes radii (r) of the calibration proteins were taken 
from the kit's instruction manual and partition coeff icients (a) were determined from the elution volumes and fitted to an 
equation of the form o = - A log r + B , yielding the Stokes radii for the tau construct monomers and dimers. The axial 
ratios were calculated following Perrin (for further details, see Cantor & Schimmel, Biophysical chemistry. Part II: Tech- 
niques for the study of biological structure and function. Freeman & Co, San Francisco. 1980) The elution profile (Fig^ 
20d) yields Stokes radii of 2.5 nm for the monomer of K12. and 3.0 nm tor the dimer. Given the molecular weights of 13 
and 26 kDal this yields axial ratios of 10 and 8. consistent with the rod-like shape observed by electron microscopy (the 
equivalent lengths of prolate ellipsoids would be 6.8 and 8.5 nm which underestimates the actual lengths; see below). 
[01251 Other tau species show similar cross-linking results, but they are somewhat more complex for the following 
reason- Tau has cysteines only in repeats 2 and 3 (residues Cys291 and Cys322). Repeat 2 is absent from some iso- 
forms for example htau 23 or construct K12. leaving only the lone Cys322. With Cys-Cys cross-linkers such as PDM 
these'molecules can only form dimers, but no higher aggregates (Fig. 20b, lane 3). In contrast, bivalent molecules with 
two cysteines (such as htau40. K1 1) can form intramolecular cross-links, dimers and higher oligomers. This diversity is 
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similar to what is found after cross-linking K12 with MBS (Fig. 20b. lane 4) because tau contains many lysines. 
[01 261 The conformation of several tau constructs in solution was probed by analytical ultracentrifugation and CD 
spectroscopy according to standard procedures. For example. htau40 had a sedimentation constant of 2.6S on the mix- 
ture of tau from brain. For a globular particle of the mass of htau40 (45.8 kDal) one would expect «4.2S; the lower 
observed value indicates an elongated structure with a hydrodynamic axial ratio of =15. The CD spectra of htau40 and 
construct K12 (Fig. 20e) were indistinguishable; they showed very little secondary structure. This means that both the 
N-terminal and Of erminal domains of tau lack internal regularity such a a-helix or p-sheet. 

(b) Synthetic paired helical filaments. 

[0127] Tau isolated from brain tissue can self-assemble into fibrous structures (see eg. Montejo de Garcini & Avila, 
J Biochem. 102 (1987), 1415-1 421 ; Lichtenberg-Kraag & Mandelkow, J. Struct Biol. 105 (1990). 46-53) Ths property 
became particularly interesting in view of the feci that tau is one of the rain components of the neuroftor lary tangles of 
Alzheimer* disease. In the earlier studies the relationship of the filaments formed in yjliQ to the Alzheimer PHFs 
remained ambiguous, especially since the protein was heterogeneous It was therefore desirabe to check rf recom- 
binant tau constructs were capable of seH-assembly. This was tested in a variety of conditions of pH, salt buffer type, 
etc Typically, solutions of tau constructs or chemically cross-finked dimers were dialyzed against uncus buffers (eg. 
- 50-500 mM MES, Tris-HCI. Tris-maleate, pH values 5-9, 5-30 mM MgCI 2 . CaCI 2 , AICI 3 ) for 1 2-24 hours at 4-G The 
solution was briefly cemrrfuged (Heraeus Biofuge A, 1 min. 10.000 g) and the pellet was stored for several days at 4 C 
and then processed for negative stain electron microscopy (2% uranyt acetate or 1% phosphotungstic ^Alterna- 
tively the solution was used for grid dialysis on gold grids following Van Bruggen et al.. J. Microsc. 141 (1986) 1 1*0. 
of the constructs tested only K1 1 and K12 yielded filaments resembling PHFs The optimal conditions were 05-0.5 M 
TrisHCI and pH 5.0-5.5. and wrthout any additional salts. The results obtained with construct K12 are illustrated in Fig. 
21 In the pH range of 5.0-5.5 there was extensive formation of filaments. Their length was variable, but typically in the 
range of 200-1000 nm. Most appeared rather smooth, others showed a regular variation of width, with axial pmsMs 
around 70-75 nm (arrowheads). The minimum diameter was about 8 nm and the maximum around 15 nm. Short rod- 
like particles, about 80-150 nm in length were also observed, which appeared to represent just one or two crossover 
periods of the filaments (F.g. 21 . middle). It was not possible to discern reliably any axial fine structure that might indi- 
cate an arrangement of protein subunits. This was therefore either below the resolution limrt of negative stain and/or 
due to lack of contrast In general the filaments tended to be bundled up in dusters, as if *^*^f n '*£'™ e 
another (Fig. 21 a). Similar PHF-like filaments were also obtained with K12 dimers cross-l.nked with PDM (Fig. 22). Th.s 
suggests that the dimer might be an intermediate stage in filament assembly. 

[01281 Many of these features are similar to those of paired helical filaments isolated from Alzheimer s disease brains, 
shown for comparison in Rg. 23. Their appearance depends somewhat on the isolation procedure. Fig. 5a shows 
SS£ ZSTprepaSd from neurofibrillary tangles after Wischik et al.. J. Ceil Biol. 100 (1985) 1905-1912 
These filaments are long, straight, and have a homogeneous uttrastructure characterized by the distinct =75 nm repeat 
By contrast, when the filaments are "solubifized" by sarkosyl following Greenberg & Davies. Proc. Natl, Acad So. USA 
83 (1990) 5827-5831 , they are shorter and less homogeneous (Fig. 23b). In particular, this preparation includes very 
short particles (equivalent to about 1 -2 crossover periods), and smooth filaments that do not have the twisted appear- 
ance (reminiscent of straight fJaments). There is a striking similarity between the synthetic PHFs based on the repeat 
domain (eg K11 K12 K12dimers.Fig.21.22)withthesolublePHFsfromAlzheimerbrains(Fig.23b),judgedbythree 
different criteria: (I) The filaments are shorter than the insoluble PHFs of Fig. 23a; (ii) they are less homogeneous in 
their periodicity, and some lack the twisted appearance altogether (straight filaments). (Hi) they include very short rod- 
like particles, down to the length of one crossover period. 

[0129] Thus far, synthetic PHF-like fibers have only been observed with constructs such as K1 2 and Kl 1 containing 
essentially the repeat domain (3 or 4 repeats, Fig. 19). but not with larger tau isoforms. These data are all consistent 
with the assumption that the repeat domain is the basic unit that is capable of self-assembling into PHFs very similar to 
those of Alzheimer neurofibrillary tangles. This also agrees with experiments in several laborator.es showing that the 
pronase-resistant core of Alzheiner PHFs contains the repeat region (e.g. Goedert et al., ibid.. Jakes et at. EMBO J. 10 
(1991). 2725-2729). It was also noted that the filament-forming constructs were not phosphorated so that this does 
not. in contrast to the genuine Alzheimer PHF, play a role in self-assembly here. 

(c) Electron microscopy of tau monomers and dimers. 

[0130] The results on the synthetic PHFs suggested that the repeat region had a special role in the interaction 
between tau molecules. It was therefore desirable to define their structure in more detaJ by comparing different con- 
structs in the electron microscope. The method of choice was metal shadowing at a very shallow angle, combmed w-th 
glycerol spraying; this helps to make the particles visible which otherwise would not be seen because of their low con- 
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trast Sowing was done following Tyler & Branton, J. Ultrastruct Res. 71 (1980), 95-102. The samples were diluted 
SSSSJSS (50 m M aiUnium acetate pH 8.0. 150 mM NaCI. 1 mM MgO* 0.1 I mM f^rnade up to 
70% glS ^ sprayed onto freshfy cleaved mica. The sprayed samples were vacuum dned tor 2 ^ 

carbon (Sickness about 1 .5 nm, shadowing angle 4») using a BAE 080T shading unrt P*^*""* 
fonoTedby 20-30 nm carbon. Finally the replicas were floated off on doubly distilled water and p,cked up wrth 600 mesh 
cood& oriels 

[0131 ] Molecules o. htau23 (352 residues. Fig. 24a) are rod-like and have a mean length cf 35 ±7 nm (fengtos sum- 
marized in Table 2 and Fig. 25). This value is less than that reported by Hirokawa et al.. J. Cell Bni. 107 (1988). 1449 
: «XgW be due to differences in the experimental approach (freezing vs. glycerol M« <>^ 

«ta L vs the smallest isoform). The apparent width of the metal shadowed htau23 molecules is about 3-5 nm and 

oTm'S S thin thaXntro. sarrples (single and double strand* DNA, 
M in^tion of the micrographs reveals a population of particles with enhanced contrast, somewhat larger diameter 
5 T^fZetiLs^Xo parts, and lengths similar or slightly more than the monomer (around 40 nm). These 

CS (F?g13c . £. construct contains eight repeats (a duplication of the tour basic ones R* 19) M .to. 

than htau23, plus the two 29-mer inserts near the N-terminus. T8R-2 has a s.mrtar length (61 ± 17 nm) 
SSSXSSi the Nominal inserts. Construct T7R-2 also has a similar .ength of 60 ± « "^^JJ 
only seven repeats (3+4) and no N-terminal inserts. At first sight these results appear puzzl.ng. On the one hand larger 
SS£ bSoTe longer, but on the other hand certain parts *"»«^* rt ^J* 
Sib^Te confection can be explained by a unifying hypothesis: The length of the tau constructs « deter- 

K of minor influence. The repeat regton itself must be consid- 

ered J*£SZ S3 nm long, whose length is approximately independent of the second repeat ™e habeas 
inSithmm^N-termina. inserts have on.y a minor influence on the length. It predicts that «nsb^w*3 or 4 
r^ats have roughly the same length (e.g. T7R vs T8R). and that the addrtoon of one repeat domain adds about 20- 

En inis case) could interact; this is suggestive of an antiparallel arrangement supports he armbody data 
Sribed infnr T8R particles were also observed whose width and contrast indicate dimers s,m.lar to htau23 (Rg. 

mis\ Asinthepreviouscases.therepeatdorr*^ 

desaL above (Rg. 26) are rod-like. Using the criteria of thickness or contrast and the companson wrth the dimers 
S^pJSta of low contrast monomers with a mean length of 26 ± 5 nm (Rg. 26a). and a population of 
™ e Stras* aimers about 32 ± 6 nm (Fig. 26b). This means that the two molecules must be juxtaposed for most of 
SkSKSS monomers of length 25 * 4 nm. (Rg. 26d), and dimers of about 30 ±4 
The monomers have about 70-75% of the length of htau23. although they contain only a third d the , resdues (Rg. 25c. 
e). With both constructs, longer particles are found which are interpreted as d.mers associated into tetramers (Fig. 26c. 

2)1 361 Thus far the classification into monomers and dimers was judged by relating the width and contrast of the par- 

fctoto ^SXSSZ However, it is posstole to isolate the covalently cross-linked dimers by gel chror^rapjy 

a^Xn diS by electron microscopy and other methods. As an example, dimers of K1 2 cross-linked by RDM 

to^SZw&M ^.27a) are sr^. in the electron miaosoope. their cortrast is sim-terto^ 

SU buTmore irrportantfy. they are only slightly ionger than the monomers (29 ± 6 nm Rg. ?*J*J*£™* 

means that the PDMdfmers areformed by two molecules lying next to one another ^"^"^^J™ 

of K1 2 induced by MBS (34 ± 6 nm) are also similar, except that they tend to be som ?*^'l those 

obtained with PDM. probably because a greater variety of Cys-Lys bonds are possible (Fig. 27b »>)• 

[0137] Taken together, the results obtained with Kl 1 and K12 (and other constructs coining essentia fy the repeat 

domali) are consistent with the hypothesis that the repeat domain forms a folding unit of rather uniform length, mde- 

foT^o 0 ^ 

mosTcases. they are rather uniform in diameter, they show no obvious relationshp to pa.red helical f ilaments and may 
result from a distinct pathway of self-assembly. 

(d) Antiparallel alignment of dimers 

[0139] It is clear from the above data that tau and its constructs tend to align laterally into dimers. This raised the ques- 
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tion of polarity: Are the particles parallel or anti-parallel? First indications came from the hairpin fold observed with the 
8-repeat constructs (e.g. Fig. 24d), suggesting antiparallel orientations of the two halves. Direct evidence for this was 
obtained by labeling with the monoclonal antibody 2-4 whose epitope is on the last repeat and therefore close to the C- 
terminus in terms of the sequence (Dingus et al., J. Biol. Chem. 266 (1991), 18854-18860). Fig. 28a (left) shows parti- 
cles of htau23 with one antibody molecule bound. The antibodies bind at or near one end, showing that one of the phys- 
ical ends of the rod coincides roughly with the C-terminus. The lengths of the rod portions shown are similar to those of 
unlabeled htau23; in terms of apparent width, they could be monomers or dimers. In the same fields, one also finds dou- 
bly labeled particles (Fig. 28a, right). The antibodies bind at opposite ends, proving that the two subunits of a dimer 
have opposite polarities. 

[0140] The same features are found with construct K12; rodlike stubs with an antibody at one end (Fig. 28b. left); 
dumbbells, i.e. antiparallel diners (Fig. 28b. middle). Finally, there are particles with two antibodies and two stubs, with 
a kink in the middle (pairs of "cherries," Fig. 28b, right). Each of the arms has roughly the length of a unit stub so that 
the particles appear equivalent to the tetramers of Fig. 26c and f. The interaction between the dimers at the center 
appears to prevent the binding of an antibody which could otherwise be expected there. 

[0141] PDM dimers of construct K12 (formed by Cys322-Cys322 crosslinks) are shown in Fig. 28c. Particles with one 
antibody label are on the left, doubly labeled ones in the middle, showing that the chemically crosslinked dimer consists 
of antiparallel monomer. A presumptive tetramer is on the right Essentially the same data are obtained with MBS cross- 
linked dimers (Cys322 to nearby Lys, Fig. 28d). 

[0142] Based on the knowledge described in this Example, in vitro methods for testing drugs effective in dissolving 
Alzheimer paired helical filaments as for testing drugs effective in the reduction or prevention of the formation of Alzhe- 
imer paired helical filaments may be developed, as is described above. 

Example 1Q Effect of glycogen synthase kinase-3 (GSK-3) and cdk2 myelin A on phosporylation of the tau protein. 

[0143] Experiments described in Examples 4 and 5 were repeated using GSK3 (also referred to as phosphatase acti- 
vating factor F A . Vandenheede et al., J. Biol. Chem. 255 (1 980), 1 1 768-1 1 774) as the phosphoryiating enzyme. 
[0144] GSK3 (a and p isoforms) were purified from bovine brain as described in Vandenheede et aJ., ibid., with an 
additional Mono S chromatography step which separates the two isoforms. Most experiments described here were 
done with immunoprecipitates of GSK-a on TSK beads (following Van Lint et al., Analyt Biochem. 1993, in press), but 
control experiments with the 0 subunits showed the same behavior. 

[0145] Polyclonal anti-peptide antibodies to the a and p isoforms of GSK3 were raised in rabbits and affinity purified 
on peptide columns. Immunoprecipitates of GSK3 were prepared from PC-12 cytosols in 20 mM Tris-HCl, 1% NP-40, 

1 mM PMSF, 2 jig/ml aprotinin, 1 ng/ml leupeptin and 0.2 ug/ml pepstatin. 100 jj of cytosols were incubated with 1 uJ 
of a- or 0-GSK antibodies (1 mg/m!) or control rabbit antibodies and incubated for 4 h at 4°C, 5 pi of TSK-protein A 
beads were added and incubated for another hour, and finally the beads were washed with 10 mg/ml BSA in 20 mM 
Tris-HCl, 0.5 M LiCI in Tris buffer, and 20 mM Hepes pH 12 with 10 mM MgCI 2 and 1 mM DTT. In phosphorylation 
assays, 2 pj of pellets were incubated with 8 \i\ of substrate (3 )M) in 40 mM Hepes pH 7.2, 10 mM MgCI 2 , 2 mM ATP, 

2 mM EGTA, 0.5 mM DTT and 1 mM PMSF. 

(a) Time course of phosphorylation and antibody response induced By GSK3 

[0146] Fig. 29 shows a time course of phosphorylation of htau40 with GSK3, and the corresponding autoradiogram 
and immunoblots. In most respects the behavior is similar to that obtained with the brain kinase activity or with purified 
MAP kinase. Phosphorylation induces a gel shift in three main stages; it incorporates =4 Pj; it induces the reactivity of 
antibodies AT8, SMI34, and SMI31 , but reduces the reactivity of TAU1 and SMI33. 

(b) Phosphorylation sites of GSK3 on tau 

[0147] The main phosphorylation sites can be determined from antibody epitopes and point mutants (Fig. 29). TAU1 
requires that both Ser199 and Ser202 are unphosphoryiated, ATS requires them both phosphorylated. Thus when only 
one of the two serines is phorphorylated these antibodies do not react. This means that Ser199 and Ser202 both 
become phosphorylated during stage 2 (Fig. 29, panels 3,4). Similarly, antibody SMI31 requires the phosphorylation of 
both Ser396 and Ser404, which means that both serines become phosphorylated rapidly during stage 1 (Fig. 29, panel 
6). SMI33 reacts only when Ser235 is unphosphoryiated so that the gradual loss of reactivity means that this residue 
becomes phosphorylated only slowly (panel 7). Together these residues would account for 5 Pi, but only =4 Pi were 
observed by autoradiography, indicating that not ail of these serines are phosphorylated at 100%. There are some sub- 
tle differences in the time course of immune response, compared to MAP kinase. For example, the SMI31 reactivity sets 
in early and precedes that of AT8 and SMI34, while the reactivity of SMI33 persists for a longer time, indicating that the 
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mode of action of GSK3 is not identical to that of MAP kinase. 

[0148] Additional information can be obtained by point mutations. As shown in Examples 5 and 6, the initial strong 
mobaity shift induced by the kinase activity from brain extracts and by MAP kinase is due to the phosphorylation of 
Ser404. The same is true for GSK3, as illustrated in Fig. 30 (lanes 1-3). When Ser404 is mutated into Ala, the initial 

5 rapid shift disappears, and initial phosphorylation is reduced to a low level (Fig. 30, compare lanes 2 and 5). 

[0149] Another conclusion from the immunoblots is that GSK3 strongly prefers Ser-Pro motifs, in contrast to MAP 
kinase which also affects Thr-Pra This follows since the «4 pi incorporated are needed to account for the phosphor- 
ylated epitopes. To test this construct AP1 1 was prepared, a derivative of htau23 where all 6 Ser-Pro are replaced with 
AlaPro (Fig. 31 . middle). AP11 is phosphorylated only to a minimal extent, <0. 1 Pi per molecule, confirming that the Thr- 

10 Pro motifs remain largely unphosphorylated. The same result is obtained with construct AP17 (all 6 Ser-Pro and 8 Thr- 
Pro replaced by Ala-Pro, Fig, 31, top). Another construct K18 containing only the four repeats (Fig. 31, bottom), is also 
not phosphorylated, indicating that no major sites are within the microtubule binding region. Thus, GSK3 and MAP 
kinase are similar in that they are both proline directed, but MAP kinase is also active with respect to Thr-Pro motifs. 

15 (c) GSK3 and MAP kinase are associated with microtubules and with PHFs 

[01 50] Considering that tau is a microtubule-associated protein one might expect that kinases that phosphorylate tau 
might be localized in the vicinity. It was therefore tested whether MAP kinase or GSK3 were microtube-associated pro- 
teins according to the usual criterium of co-purification through repeated circles of assembly and disassembly. This was 

so indeed the case. Fig. 32b shows that both the p42 and p44 isoforms of MAP kinase co-purif ied with porcine brain micro- 
tubules, Fig. 32c.d demonstrates the same for the case of GSK3 a and p. Interestingly, the microtubule-associated MAP 
kinase was not in an activated state since it was not phosphorylated on Tyr (as judged by immunoblottmg, not shown). 
[0151 ] Considering this result, it was of interest to investigate whether the kinases were also associated with Alzhe- 
imer PHFs The immunoblots of Fig. 33a demonstrate that GSK3 is present in normal and in Alzheimer brain in roughly 

25 equivalent amounts and thus resembles MAP kinase in this respect. Moreover, the kinases co-purify directly with PHFs 
isolated by two different procedures, following Wischik et ah, J. Cell. Biol. lfiO (1 985), 1 905-1 91 2 (Fig. 33b. lane 1 ) and 
Wolozin et al., Science 222 (1 986), 648-650 (lane 2). The fact that GSK3 is associated with microtubules and PHFs and 
phosphorylates tau would suggest that the kinase might be able to affect the interaction between tau and microtubules. 
This would be in agreement with a common notion about the pathological effects of tau phosphorylation. Surprisingly. 

3D however, there was no influence on the binding. Rg. 34 shows the binding of htau23 to microtubules without phospho- 
rylation, with phosphorylation by GSK3. and by the kinase activity of the brain extract. In the latter case, there is a strong 
reduction in affinity, but the effect of GSK3 itself is minimal. 

(d) Phosphorylation of tall by cdk2-cyclin A 

35 

[0152] The protein kinase cdk2-cyclin A (a proline-directed ser/thr kinase; see Hunter, ibid.) induces the Alzheimer- 
like state, as judged by phosphorylation, gel shift and antibody response. The kinase cdk2 incorporated 3.5 Pi into 
htau40 and generated a similar shift in the gel as MAP kinase and GSK-3. The antibodies AT-8, SMI31, SMI34 recog- 
nize the phosphorylaled tau, TAU-1 and SMI33 do not, again similar to MAP kinase and GSK-3. All ser-pro motifs (Ser 
AO 199, 202, 235, 396, 405, 422) can be phosphorylated to some extent; see Rg. 46. 

[01 53] The preparation was as follows: Cells overproducing the cdk2/cyciin A complex were obtained by Dr. Piwnica 
Worms, Boston. 

[0154] Cyclin A was fused to glutathione-S-transferase. Thus, the complex is easily purified using glutathione agarose 
beads as outlined below: 

A5 

Kinase Assays on Glutathione Beads: 

[0155] 3 x 10 6 cells were infected with viruses encoding human p33 cdk2 and human cyclin A (fused to giutathione-S- 
trans-ferase) each at an rao.i. of 10. At 40 hours post infection, cells were rinsed (2x) in PBS. Cells were frozen on plate 
so at -70°C. (Cells are kept frozen until experiments are carried out.) 

Preparation of Cell Lysates: 

[01 56] Lyse cells in 1 ml of the following buffer: 

55 

50 mM Tris pH 7.4 
250 mM NaCI 
50 mM NaF 
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10 mM NaPPi 
0.1% NP40 
10% glycerol 

protease inhibitors (0.15 units/ml aprotinin, 2 mM PMSF. 20 \M leupeptin) 



10 



15 



[0157] Plates were rocked for 15 min at 4°C. lysates were collected, placed in Eppendorf tube and spun at 1 0K for 10 
tnin at 4°C. Clarified lysates were placed in fresh Eppendorf ttf>e. 

Glutathione Precipitation 

101581 100 Ml (50% slurry of agarose in PBS) of glutachione agarose (from Sigma) were added to the ,cta«ied lysafe 
2 Jl^ ^c Sd ware spun briefly to pellet bea^s. Beads were washed two times .n 1 ml of at^e lys.s buffer 
inconSete Kinase buffer (50 mM Tris pH 7.4. 10 mM MgCy. As much buffer as possbfe 
was removed from the beads after the final wash. 

For kinase assays: 

[0159] Exogenous substrate was added and then complete kinase buffer was added: 

20 50 mM Tris, pH 7.4 
10 mM MgCl 2 
1 mM DTT 

zjf£ ^mtfa^p A ILlled ATP (NEN: 3000 CtfmM) and incubated at 30«C for the desired amount of time. 
Examplell Phosphorylation of Ser 262 of tau protein by a novel kinase and effect thereof on binding to microtubules 
by tau proteins 

[0160] So far It has been shown that the Alzheimer-liKe state of tau protein ^J^^f^X 
Thr P o motifs and that this state can be mimicked by a brain extract kinase activity and by MAP kinase, as judgeo oy 
li^SSl^^^Seellfc antibodies. As will be demonstrated in the following, a crucial regulation of taus 
M^ZSZ^b^ a residue phosphorated by the brain extract activity but not by MAP kinase. 

JS^T^maSa^ b^^ phosphates Sis readue and there* strongiy reduces the interaction 

Sdes aSm^ertte attachment of tau to pre-formed micro-tubules and yields dislocation constente iand 

ducble parameter, n ^ Wart ^ taconpaf-to1toalWo , phosphorylation on a ^mutant D 
iMMl" rWtffcrB the'kinase from brain: An extract from 250 g of porcine brain tissue was prepared and submrtted 
E SLSSSSL %5SZ as descrtoed h Example 2. The precpitate » 
^Z^Ted in Suffer 1 (25 mM Tris-HCI pH 7.4 containing 25 mM Nad, 2 mM EGTA. 2 mM DTT . ImW I PMSF, 
Sed aa?nst 1 liter of this buffer with two changes overnight Total protein concentration was determmed using 
SfSSkaW kit AfteVdar^cation of the dialysate by uttracentrifugation, portions of up to 250 mg i of prolan 
%Z£S£ a ^no QHR1 0/10 column (Pharmacia) equilibrated with buffer 1 . Elution was performed wrth a hnear 
Semrfl Soo rnMNaCi in 120 ml of buffer 1 with a ftow rate of 2 r^a Fractions were sained by ph^ 
tactftatarf* eTessed tau and tau constructs as described below. Active peaks were pooled and concertrated 1 0 
tl^SS! through Centriprep 10 microconcentrator^ ^con) ^^S^^SSSS 
75 HiLoad 16/60 size exclusion column (Pharmacia) equilibrated and eluted wrth buffer leaning SO^mMNaa 
Active fractions were pooled and rechromatographed on a Mono Q HR 5/5 column wrth a grad.ent of 0-600 mM NaQ 
KiE5£T!S a flow rate of 0.5 nWmin. Active fractions were dialed against buffer 1 and stored at (T&The 
gelfiluBtZSmn was calforated wrth the Pharmacia low weight marker set. Phosphorylation assays were performed 

ZolfSronJSwn^e aSty were subjected to 11% SDS PAGE (0.5 mm thick slat >ge^ Tau , P rote,n was 
7£ station gel solution just prior to polymerisation (final concentration 0.1 mg/ml). The following steps 

pH 8 0 for 30 min at room temperature, then 50 mM Tris-HCI pH 8.0 containing 5 mM p-mercaptoethanol (= buffer A) 
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tor another 30 min at RT. (2) The enzyme was denatured by two changes of 6 M guanidine-HCL for 1 hour at room tern- 
oerature (RT) (3) The enzyme was renatured by five changes of buffer A containing 0.04% Tween 40 for -15 hours at 
K I (4 Pre-incubation with phosphorylation buffer without ATP for 30 min at RT (40 mM Hepes pH 7 5. 5 mM EGTA 
3 mM MgCt, 0.1 mM PMSF. 2 mM DTT). (5) Phosphorylation with added 0.1 mM ATP and 130 CWId (gamma-32)ATP 
was performed by incubation of the gel in a plastic bag at 37-C for 20 hours on a rotating wheel. (6) Removal of excess 
Snma 32)ATP The gel was washed by incubation in five changes of 300-500 ml of 5% TCAcontauung l%sotf,umpy. 
rophosphate until unbound radioactivity was negligible. (7) Staining and autoradiography were done accord.ng to con- 
ventional methods. 

(a) Phosphorylation of Ser262 strongly reduces the binding of tau to microtubules 

[0164] As shown in Exampe 6, when tau protein is phosphorylated by the brain extract kinase activity. *e sWchtem- 
etryhpicSy dropped from-0.5 tau per tubulin dimer down , 0 ^.1^.15, i.e. about 3-4-told;th S eHect on the w,ld type 
protein will be taken as 100% in this Example. The parameters affected by phosphorylation have distend tome courses. 
Sr'artof the gel shift occurs early (stage 1 phosphorylation, up to *2 hours) ^ ^ 

sSfnumbering of htau40). Most of the Alzheimer-like antibody response, as well as an additional gel shrft, sete m 
S sS * (up to =6 hours); a further shift combined with more .corporation of phosphate .occurs during stage 
Sup to 24 flours). However, the effect on microtubule binding was already fully visibfe after stage 1 
tf» protein bound about two moles of P, (out of a maximum of =5-6). About one of these was at Ser404. idemrfiableby 
2 S ge. shift The other phosphate was distributed among Ser202. 235. and 262. but exact quantisation by auto- 

rariiograpghy and phosphopeptide sequencing was difficult . ^ „ .. . .. 

Sl6?] ft Is therefore decided to approach the problem by site^irected mutagenes.s. The Ser residue ^question 
were eplaced by Ala (making them norvphosphorylatable) or Asp (mimicking the negative charge of the phosphor^ 
^TSSWrq. 35a). Tnese mutants were then assayed with respect to gel shift, phosphate 'n^t^and 
microtubule binding (Fig. 35b). The mutant Ser404-AJa loses its shift during stage 1 P n ^ h / 7j at,on ^^ ep h ^; 
™a£n of this proTein still has a sizable effect in reducing the microtubule binding capacty <^'^^£££ 
D = 0 17. i.e. 52% of the unmutated control with D n = 0.33). This suggests that one or more of the remaning Ser202 
23 n 5 and 262 are responsible for a major fraction of the phosphorylation effect on binding. Smtilar results are^ obtained 
when Ser202 235, and 396 are mutated into Ala or Asp, indicating that neither of these residues accounte for the low 
SomeSy after phosphory.ation observed with wild type htau23. However, when Ser262 was artered the b,nd^ to 
SS M n'earlTunaftected by phosphorytation (D n = 0.04). In other words, it appears 
due Ser262 in the first repeat nearly eliminates the phosphorylation sens-tovrty of tau towaris rmcrotubule bmdmg, or 
conversely, phosphorylation of Sei262 reduces Ihe binding of tau to microtubules dramatically. 

(b) MAP kinase induces the Alzheimer-like immune response of tau but does not impair microtubule binding 

[0166] The binding data in section (a) were obtained wrth a brain extract, but most of *e property oT <^ft Phos- 
phorylation could be induced by purified MAP kinase from Xenopus oocytes or porane bran. ^^MAPtan^e 
induce a gel shift they have a similar time course of phosphorylation, and both .nduce a s.m,lar pattern of antoody 
responses (including the onset of the "Alzheimer-like" response in stage 2 phosphorylation). The rnajonty of sites found 
wTme exlact are in Ser-Pro motifs; all of them are phosphorylated by MAP kinase as well. ^ £ 
purified MAP kinase is more efficient as a Projected Ser/Thr kinase than the bra.n extract. Finally. MAP kmase ,s a 

o be surprisingly small (D n = 0.09) compared wrth the brain extract (D n = 0.31 in Rg. 36). Th.s was cons,^tw,to^the 
above experiments, suggesting that phosphorylation of SerPro or Thr-Pro motifs by rtself was only of secondary -mpor- 
tance with respect to microtubule binding. 

[0168] This was tested by employing two total" mutants. AP17 and AP18 denved from htau23 (Fig^ 37a). APIS s 
similar to AP1 7. but in addition Ser262 and 356 (the two serines not followed by Pro found earlier in extract phMphor- 
ylaions) were changed into Ala. While MAP kinase phosphorylates all Ser-Pro and Thr-Pro 
(typically up to a maximum of 1 0-12 moles of P, per htau23). AP17 incorporates at most 14 P, .llustrating 
cfficrty of MAP kinase for Ser-Pro or Thr-Pro motifs. AP1 7 binds tightly to microtubules, independently of Phosphoryla- 
tion by MAP kinase, with similar parameters as unphosphorylated wild type htau23. The same results are obtained with 

fo^X^ 

calty different (Fig. 37b). AP18 incorporates about 0.5 P, and shows only a mmor reduct.cn of the stac "'0^ of tau 
SI to miaofobules upon phosphor 

of tau to microtubules upon phosphorylation is the same as that of wild type htau23 (D„ = 0.31 ). 
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[0170] These results made ft dear thai the brain extract apparently contains some phosphorylating component dis- 
tinct from MAP kinase which phosphorylates Ser262 in the first repeat of tau protein, and that this single Ser, when 
phosphorytated. is capable of dramatically altering the interaction of tau with microtubules. By contrast, MAP kinase 
affects the other indicators of the Alzheimer state of tau, the gel shift and the immune response. 

(c) The 35 kDal and 70 kDal kinases in brain reduces microtubule binding by phosphorylating Ser 262 

[01 71 ] The sequence around Ser 262 does not fit obvious consensus motifs of known kinases so that it did not seem 
promising to test them. Instead, the kinase was purified from the brain extract. Active fractions were identified by the 
criteria of tau phosphorylation and effect on microtubule binding. 

[0172] The first step was ion exchange chromatography on Mono Q (Rg. 38a). yielding 3 main peaks of kinase activ- 
ity. The fractions with the largest effect on microtubule binding were further subjected to gel chromatography (Fig. 3Bb). 
The main active fraction eluted at an Mr around 35 kDal. This was followed by another ion exchange run. The protein 
did not bind to Mono S. suggesting an acidic pi, but it eluted as one major peak on Mono Q (Fig. 38c). Silver stained 
gels of fraction 9 showed a 35 kDal band with >95% purity, and minor (<5%) bands around 41 kDat (Fig. 38d, lane 5). 
Other fractions and an additional band at *45 kDal, but this had no kinase activity (see below). 
[0173] To determine directly which of the bands in the gel were capable of phosphorylating tau an in-gel assay follow- 
ing the method of Geahlen et al.. Anal. Biochem. 153 (1 986). 1 51 -1 58 was performed. Tau protein was polymerized into 
the gel matrix, the Mono Q fractions were separated on the gel by SDS electrophoresis, the the bound proteins were 
renatured in situ, incubated with radioactive ATP and assayed for activity by autoradiography. Fig. 39 shows that the 35 
kDal and 41 kDal bands contained kinase activity, but not the 45 kDal band. 

[01 74] Quantification of the amount of phosphate incorporated into tau constructs by the kinase yielded the fallowing 
results: 3.2 P| for htau34, 3.4 for htau40, 3.3 for htau23. but only 2.8 for the mutant htau23(Ser262->Ala). The total 
mutant AP17 incorporated 3.0 Pj, indicating that Ser-Pro or Thr-Pro motifs were not targets of the kinase, and the 3- 
repeat construct K1 8 contained 1 .4 Pj. 

[0175] Tau phosphorated by the kinase is shifted upward in the SDS gel. Fig. 40a shows a comparison of different 
tau gel shifts and kinases. "Hie shift by the 35 kDal kinase is of medium magnitude (lane 2). like that of PKA (lane 10), 
larger than that of CaM kinase (lane 9) but distinctly smaller than that of MAP kinase (lane 1 1 ) which induces the Aizhe- 
imer-like immune response. The mutant Ser409-Ala (lanes 3,4) is not shifted by phosphorylation, but other mutants are 
(e.g. at Ser416, lanes 5, 6, or at Ser404, lanes 7,8), indicating that Ser409 is the residue whose phosphorylation by the 
35 kDal kinase generates the shifL This same shift is found with PKA (lane 10) which also phosphorylates Ser409. 
Since phosphorylation sites within the repeat region generally do not produce a shift these data confirm that the shift 
sites (mostly in the C-terminal tail) are distinct from the sites controlling microtubule binding (e.g. Ser262). 
[0176] The effect of the purified kinase of the binding of tau (Rg. 40b) is similar to that of the brain extract (Fig. 37b). 
For example, the stdchiometry of htau23 is reduced by D n = 0.28 upon phosphorylation, but only by 0.05 in the point 
mutant Ser262-Ala, again emphasizing the importance of Ser262. 

[01 77] A diagram of htau40, highlighting the first microtubulebinding repeat and the Ser262 that is important for micro- 
tubule-binding is depicted in Fig. 41 . 

[01 78] A similar effect on the binding of tau to microtubules is observed when tau is phosphorylated by the 70 kDal 
kinase (see Fig. 45). This kinase incorporates about 3-4 Pi into the repeat region of tau, specifically at serines 262, 293, 
324, 409. It is prepared by the following steps: (a) Preparation of high spin supernatant of brain extract, (b) Chromatog- 
raphy on Q-Sepharose, (c) Chromatography of f lowthrough on S-Sepharose. Kinase activity elutes at 250 mM NaCL (d) 
Chromatography on heparin agarose. Kinase activity elutes at 250 mM NaCI. (e) Gel filtration. Kinase activity elutes at 
70 kDal. (f) Chromatography on Mono Q. Kinase activity elutes at 150 mM NaCI. 

Example 12 Dephosphorylation of tau protein by phosphatases PP2a and PP1 

[0179] htau 40 was phosphorylated with porcine MAP kinase (p42) and 32 P-ATP according to methods described 
throughout this specification. Subsequently, htau40 was dephosphoylated with several isoforms of PP2a (Fig. 42 A to 
C) as PPI (Fig. 42D). The results show that htau40 is dephosphorylated by all isoforms of PP2a. and, although much 
slower, by PP1 Rg. 43 shows that upon dephosphorylation the antibody-specific epitopes disappear as well. In Fig. 44 
the time course of dephosphorylation and the Michaelis-Menten-kinetics are shown. 

Thus, PP2a and PP1 serve as antagonist to MAP-kinases and may therefore be used in pharmaceutical compositions 
for the treatment of Alzheimer disease. 
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TABLE 1 (continued) 



' Interactions of tau constructs with antibodies in the phosphorylated or unphospho- 
rylated state (+ or -). The staining on immunoblots ranges from very weak, (x), to 
very strong, xxx. 
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TABLE 2 



Summary of lengths of various tau constructs. 


construct 
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Claims 

1 . A combination of epitopes of the tau protei n which are specifically occurring in a phosphorylated state in tau protein 
from Alzheimer paired helical filaments, said combination including the phosphorylatable serine residues 46, 199, 
202, 235, 262, 293. 324, 356, 396, 404and/or 422 and/or the phosphorylatable threonine residues 50, 69, 111, 
153^ 175, 181, 205, 21 2, 21 7 and/or 231 .with the proviso that said combination isnot the combination Ser202, Ser 
235,Ser404,Thr205. 

2. The combination according to claim 1 which contains an epitope comprising the amino acid sequence 
KESPLQ YSSPGSP PGSPGT, YSSPGSPGTPGS, PKSPSS. YKSPWS, GDTSPRH, MVDSPQL, PLQTPTE, 
LKESPLQTPTED, AKSTPTA, IGDTPSL, KIATPRGA, PAKTPPA, APKTPPS, PAKTPPAPKTPPS, SPGTPGS, 
RSRTPSL, SLPTPPT, RSRTPSLPTPPT. WRTPPK, WRTPPKSPSSA, KIGSTENLK, KCGSKDNIK, KCGSLG- 
NIH or KIGSLDNITH. 

3. Use of a protein kinase which specifically phosphorylates serines 46, 1 99, 202, 235, 262. 293, 324. 356, 396, 404, 
422 and/or threonines 50, 69, 1 1 1 , 153, 1 75, 181 , 205, 212. 21 7, 231 of the tau protein for specifically converting 
tau protein to Alzheimer tau protein. 

4. Use according to claim 3. wherein said protein kinase is glycogen synthase kinase-3 (isoform a. 51 kD and/or p, 45 
kD) or cdk2-cyclin A (33 kD) or MAP kinase. 

5. Use according to claim 3, wherein said protein kinase is a protein kinase from human brain, porcine brain, or 
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6. A pharmaceutical composition containing a specific inhibitor for the protein kinase as defined in claim 3, optionally 
in combination with a pharmaceuticalfy acceptable carrier and/or diluent for use in the treatment of Alzheimer's dis- 
ease. 

7. The pharmaceutical composition according to claim 6 which contains as the specific inhibitor a combination of 
oligo-or polypeptides comprising an epitope according to claim 1 or 2. 

8. An antibody which specifically recognizes an epitope contained in the combination according to claim 1 or 2. 

9. The antibody according to claim 8 which is a monoclonal antibody. 

10. A diagnostic composition for the detection and/or monitoring of Alzheimer's disease comprising: 

a combination of epitopes according to claim 1 or 2; and/or 
an antibody according to daim 8 or 9. 

11. A method for the in vitro diagnosis of the onset of Alzheimer's disease comprising assaying a cerebrospinal fluid 
isolate of a patient or carrying out a biopsy of nerve tissue and testing said tissue lor the presence of a phosphor- 
ylated serine residue in position 262 of tau protein. 

12. A method for the in vitro diagnosis and/or monitoring of Alzheimer's disease comprising assaying a cerebrospinal 
fluid isolate of a patient or carrying out a biopsy of nerve tissue and testing said tissue 

for the presence of a phosphorylated alzheimer tau protein containing a combination of epitopes according to 
claim 1 or 2; 

- for the presence of a protein kinase as defined in any one of claims 3 to 5; or 

- for the presence of phosphatase PP2a, PP1 and/or calcineurin. 

13. The method according to claim 11 or 12, wherein the Alzheimer tau protein and the phosphorylation of serine res- 
idue 262 of tau protein, respectively, is detected by using an antibody according to claim 8 or 9. 

14. The method according to claim 1 1 or 12, wherein the protein kinase is detected by using an ofigo- or polypetide 
comprising an epitope contained in the combination according to claim 1 or 2. 

1 5. Use of an epitope contained in the combination according to claim 1 or 2 for the generation of Alzheimer tau protein 
specific antibodies or antibodies to a tau protein specific for the onset of Alzheimer's disease. 

16. Pharmaceutical composition for the treatment of Alzheimer's disease comprising a PP2a and/or PP1 and/or cal- 
cineurin phosphatase as the active or one of the active ingredients. 
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Fig. 24. 
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Description 

roooi ] The invention relates to the use of protein kinases which are responsible for thewnveraonof the ^ r»«*ta 
ofVhe tau protein giving rise to specifically phosphorylated tau epitopes, and to anybodies specrfic for said protein 

SSagr^tic impositions and methods for the detection and/or monitoring of Alzheimer's disease. Add,tionally. 
the invention relates to methods for in vitro diagnosis and/or monitoring of Alzheimer's disease, 
roufl The brains of Alzheimer patients contain two characteristic types of protein deposits, the plaques and the tan- 
ST TheS sSrts have been* peak instance in Alzheimer research during the last few years (tor a rec ent 
?Swse1(ieoert Tel.. Current Opinion in Neurobiology 1 (1991). 441 to 447). A prominent concert o ^etengfes 
m!SSSL laments (PHFs). I seems now clear mat the PHFs are '^e^ up^ the^oto^sso- 
Stted protein tau which is normally attached to the neuronal microtubule network and. furthermore, partoilarly 

ro^sTl^e a?e s?x isoforms of tau in human brain that arise from alternative splicing of a single gene. All these iso- 
KalsSTn PHFs Serl et al.. Neuron 3 (1989). 519-526). The main biochemical differences between nor- 
mal and Alzheimer PHF tau protein known so far may be summarized as follows: 

(1) PHF tau protein is. in contrast to normal tau protein, highly insoluble which makes a biochemical analysis diffi- 
cult; 

(2) PHF tau protein reacts with certain antibodies in a phosphorylation dependent manner su ^^ng a fecial 
SoXry'aL status (Grurdke-lqba. etal., Proc. Nati. Acad. Sd. USA 83 (1986), 4913-4917. Nukma et al.. Proc. 
Natl. Acad. Sci. USA 84 (1987). 3415-3419); 

(3) PHF tau protein has a tower electrophoretic mobility in SDS gels, suggesting a higher M, value which may be 
related to its phosphorylation pattern (Steiner et al., EMBO J. 9 (1990). 3539-3544); 

(4) PHF tau protein forms paired helical filaments with a characteristic 78 nm crossover repeat (Crowther and Wis- 
Chik, EMBO J. 4 (1985), 3661-3665). 

[00041 Tau protein purified from brain has very We secondary structure (as £frd ^^f' J* " ££ 
[mentation constant of 2.6S, pointing to a highly asymmetric shape lO*^ ** ^^^^SIS 
247, in agreement with electron microscopic data (Hirokawa et al.. J. Cell. Biol. 107(1988). J^Jr^^hanM 
half contains 3 or 4 internal repeats which are involved in rricrotubule binding and ^,r a^emWy fftence 

•assembly domain",. This domain can be phosphorylated by several protein kinases (Steiner rt al BMBO J. 9 (1990) , 
3539-3544) a point that may be significant in view of the abnormal phosphorylation of Alzheme teu (m. ftg. 
SurSLl eTaU S). Moreover'the repeat region a,so lies in the core of Alzheimer paired hel.cal foments (see, 
e a Goedert et al ibid.; Jakes et al. EMBO J. 1 0(1 991). 2725-2729). 

(So? tt hal been hypothesized that PHF tau protein has a lower affinity for microtubules compared to normal tau 
SoTeVns sL=! a similar effect has been found when normal tau is phosphorylated inidttfiby some kinases flandwall and 
STT Schem 25 ^984). 5301-5305). Lack or reduced binding to microtubules might therefore be a result of 
£nor^^o2^ySon of the tau prolan This abnormal state might lead to microtubule disassembly and ,nter1ere 
Sft S neuSrocesses such as rapid axonal transport The abnormally phosphorylated tau proteins rrughi then 
^rSSTa^sequencXeo. the neurons would eventually die thus setting the stage for the gener- 

* ZS ^otTwatnXown wttch protein Knases are responsible for the abnormal phosphorylatio a .shiguro 
HfNeuro^e Letters 128. (1991), 195-198) have isolated a kinase fraction from bovine brain 
mSSSSZ^S^ tm sennemveonine proline motif. This kinase phosphorylated rescues Ser 144. Thr 
4 7 S* 17 7 STer sYsof the tau protein. Tnese residues differed from the ones reported by others (Lee et al Sc- 
InceSl (199lT 675 67l) Therefore, it remains unclear which protein kinase and which target ammo acrf res,due(s) 
are involved in the Generation of Alzheimer's disease, if at all. 

as withluprotein. Sternberger et al., Proc. Nat.. Acad. Sci. USA 82 (1985). 4774-4776, have .solated an antibody. SMI 
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34, which recognizes a phosphorylated epitope common to Alzheimer tau protein and neurofilament protein. Finally, 
Lee et al. (ibid.) made antibodies directed to a phosphorylated peptide comprising the KSPV motif in the C-terminal 
region of the tau protein. All these antibodies known in the art have the disadvantage mat for none of them ft is known 
whether they recognize an epitope which is uniquely characteristic for the Alzheimer's disease state. 
[0008] Furthermore, no reliable data on the fine structure of Alzheimer paired helical filaments, nor on the the mode 
or regulation of their formation from tau proteins is available so far. For the prevention of the formation of PHFs it would 
be highly advantageous if the mode of assembly of PHFs from tau protein and the regulatory mechanisms underlying 
said assembly were known. 

[0009I Thus, the technical problem underlying the present invention was to provide a phosporylated epitope charac- 
teristic for the Alzheimer tau protein, a kinase activity which specif ically catalyzes this phosphorylation, pharmaceutical 
compositions comprising inhibitors to said kinases, antibodies for recognizing said epitopes, diagnostic compositions 
containing said epitopes, methods involving kinases and/or antibodies for the ia yjtro diagnosis of Alzheimer's disease, 
methods for the in yjtro conversion of normal tau protein into Alzheimer tau protein and methods for testing drugs effec- 
tive in dissolving Alzheimer PHFs or preventing the formation thereof. 

[0010] The solution to the above technical problem is achieved by providing the embodiments characterized in the 
claims. Accordingly, the present invention relates to an epitope of the tall protein which is specifically occurring in a 
phosphorylated state in tau protein from Alzheimer paired helical filaments. 

The term -phosphorylated state in tau proteins from Alzheimer paired helical filaments" refers to a state of the tau pro- 
tein where tall shows an upward M r shift, has a reduced binding to microtubules and is phosphorylated at ser or thr fol- 
lowed by pro, or certain serines in the repeat region (see below). 

Note: Amino acids are denoted by the one-letter or three-letter code: see e.g. Lehninger. Biochemistry, 2nd edition. 
Worth Publishers, New York, 1975. page 72. 

[0011] There may be one or more epitopes o1 the tau protein which specifically occur in a phosphorylated state in 
Alzheimer paired helical filaments. These epitopes may, moreover, be phosphorylated by a single or different enzymes 
displaying phosphorylating activity. 

[001 2] In a preferred embodiment of the present invention, said epitopes are specifically phosphorylated by a protein 
kinase from mammalian brain having the following biochemical properties: 

(a) it phosphorylates ser-pro and thr-pro motifs in tau protein; 

(b) it has an M f of 42 kD; 

(c) it is activated by ATP and has a K m of 1 .5 mM; 

(d) it is activated by tyrosine phosphorylation: 

(e) it is recognized by an anti-MAP kinase antibody; and 

(f) ft is deactivated by phosphatase PP2a. 

The term "ser-pro and thr-pro motifs- as used herein refers to a phosphorylatable ser or thr residue followed by a pro 
residue. These types of sites are phosphorylated by the isoforms of MAP kinase, GSK-3, and cdk2 (see below). 
[001 3] The term "anti-MAP kinase antibody" refers to an antibody which specifically recognizes a mitogen activated 
protein kinase (MAP kinase). This kinase probably belongs to a family of closely related enzymes which have been 
referred to in the art by different names, e.g. MAP2 (microtubule-associated protein 2. see e.g. de Miguel et al.. DNA 
and Cell Biology 10 (1991), 505-514) kinase. MBP (myelin basic protein) kinase or ERK1 (for a review, see Hunter, 
Meth. Enzym. 200 (1991). 1-37). MAP kinase is similar with respect to its biochemical properties to functionally similar 
enzymes from a variety of sources (Hunter, ibid.). 

[001 4] In another preferred embodiment of the present invention said epitope includes the phosphorylatable serine 
residues 46. 199. 202, 235. 396, 404 and/or 422 and/or the phosphorylatable threonine residues 50, 69, 1 1 1 , 1 53, 1 75. 
181 , 205. 212, 21 7 and/or 231; see Fig. 1a. The numbering of the amino acids was done in line with the largest human 
tau isoform, htau 40, see Goedert et al. (1989 ibid.). 

[001 5] In a particularly preferred embodiment said epitope includes the phosphorylatable serine residue of ammo acid 
position 262. This is phosphorylated by the brain extract and the 35KD and 70KD kinases prepared from it; see below. 
In accordance with the present invention it has been shown that phosphorylation of said residue significantly interferes 
with binding of tau protein to microtubuli. This epitope may be used for diagnostic in vitro methods to test for the onset 
of Alzheimer disease. 

[0016] In another particularly preferred embodiment said epitope includes the phosphorylatable serine residues 262, 
293 324 and 409. 

[0017] Accordingly, another object of the invention is to provide a method for testing the onset of Alzheimer disease 
by assaying the phosphorylation status of serine in position 262 and the other Ser-Pro or Thr-Pro motifs named above. 
This may e.g. be done by incubating a sample of cerebrospinal fluid of a patient or a sample of nerve tissue after biopsy 
with a monoclonal or polyclonal antibody capable of distinguishing between a phosphorylated and a non-phosphor- 



EP0 909 814 A2 



20 



yteted serine 262 comprising epitope. 

[0018] The epitopes of the invention may comprise one or more of the residues enumerated above. Moreover the 
epitopes of the present invention may comprise only one or more phosphorated serine residues, one or more phos- 
Dhorylated threonine residues or a combination thereof. The actual composition of the epitope may be determined by 
methods which are known in the art. It is also dear to the person skilled in the art that other amino acids o! theprotein 
may contribute to the epitope which is recognized by an antibody directed against the sites of tau protein which are 
Dhosohoryiated by MAP kinase. 

[0019^ In a further preferred embodiment of the present invention, said epitope comprises the ™ acid seo^uences 
KESPLQ YSSPGSP. PGSPGT, YSSPGSPGTPGS. PKSPSS, YKSPWS, GDTSPRH, MVDSTOL; PLQTPTE, 
LKPSPLQTPTED AKSTPTA, IGDTPSL, KIATPRGA. PAKTPPA, APKTPPS. PAKTPPAPKTPPS, SPGTPGS. 

^^1^ nSffPSlPTPPT. WRTPPK. WRTPPKSPSSA, K1GSTENLK, KCGSKDNIK, KCGSLGNIH, 

A^ain, it is to be understood that not all of the amino acids of the peptide necessarily contribute to the specific 

site actually recognized by the antibody 

[0021 1 Anotherobject of the present invention is to provide a protein kinase which ,s capable of specifically converting 
tau protein to Alzheimer tau protein by phosphorylatfon of the amino acid motif ser-pro or thr-pro. Preferably, said pro- 
tein kinase belongs to the dass of MAP kinases. These kinases can be used for various purposes, e^g. for the in y*e 
conversion of tau protein into Alzheimer tau protein. The Alzheimer tau protein thus obtainable may be used to study 
e g substances which are capable of inhibiting its formation or the formation of PHFs. Moreover, they may be used for 
the development of drugs capable of dissolving said PHFs or for converting Alzheimer tau protein into normal tau pro- 
tein. It is also conceivable that a system based on the ability of the protein kinase of the invention to convert normal into 
Alzheimer tau protein will provide a well defined in yjHc system for Alzheimer's disease. 
[0022] In a preferred embodiment of the invention, said protein kinase has the following biochemical properties: 

25 (a) it phosphoryiates ser-pro and thr-pro motifs in tau protein; 

(b) it has an M r of 42 kD; 

(c) it is activated by ATP and has a K m of 1 .5 mM; 

(d) it Is activated by tyrosine phosphorylation; 

(e) it is recognized by an anti-MAP kinase antibody; and 
30 (f) it is deactivated by phosphatase PP2a. 

The term "M r " is defined as the relative molecular weight determined by SDS gel electrophoresis. 
[0023] In still another preferred embodiment of the invention, said protein kinase is obtainable by carrying out the fol- 
lowing steps: 

(a) homogenizing pordne brain in 10 mM Tris-HCi, P H 7,2, 5 mM EGTA, 2 mM DTT and a cocktail of protease inhib- 
itors (leupeptin, aprotinin. pepstatin A, a2-macroglobulin, PMSF (phenyl methyl sulphonyl fluoride)); 

(b) centrifugating the homogenate at 100,000 x g for 30 minutes at 4°C; 

(c) removing the supernatant after centrifugation; 

40 (d) precipitating the crude protein by ammonium sulfate precipitation; 

(e) desalting the crude preparation by gel filtration; 

(f) activating the crude enzyme by incubation in activation buffer; 

(g) further purifying the crude preparation by ion exchange chromatography; and 

(h) identifying the enzyme by Western blotting. 

The term "activation buffer" is defined as a buffer comprising 25 mM Tris, 2 mM EGTA, 2 mM DDT, 40 mM p-nitrophe- 
nylphosphate, 10 nM okadaic acid. 2 mM MgATP, and protease inhibitors. 
[0024] Another preferred embodiment of the present invention relates to a protein kinase which is capable of specrf- 
ically converting tau protein to Alzheimer tau protein by phosphorating IGS and/or CGS motifs in the repeat region of 

$S & \n a further preferred embodiment of the kinase of the invention, said kinase is obtainable by carrying out the 
following steps: 

(A) Subjecting mammalian brain extract to ion exchange chromatography on Mono Q (Pharmacia); 

(B) testing the fractions eluted for binding to microtubules and phosphorylation of the protein; 

(C) further purifying the fractions binding to microtubules and capable of phosphorating tau protein by gel chro- 
matography; . . . _ 

(D) subjecting the fraction eiuting at about 35 kDal to ion exchange chromatography on Mono Q, 
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(E) collecting the major peak eluting between 200 and 250 mM NaCI; 
and has the following characteristics: 

5 (a) it binds to Mono Q but not to Mono S; 

(b) it has an acidic pi; ... 

(c) it shows a major band (>95%) at 35 kDal and a minor band (<5%) at 41 kDal on 9 _ 

(d) ft incorporates a phosphate amount of 3.2 Pi into htau34, 3.4 Pi into htau40. 3.3 Pi into htau23 and 2.8 Pi rto 
mutant htau23 (Ser262 Ala); and 

10 (e) it phosphorylates serine residues 262. 293, 324 and 409 of tau protein. 

Said brain extract may e.g. be human or bovine brain extract- ctanQ . 

[0026] In still another preferred embodiment, the kinase of the present invention is obtainable by the following steps. 

is (A) preparation Of high spin supernatant of extract from mammalian brain; 

(B) subjecting the brain extract to chromatography on ion exchange Q-Sepharose (Pharmacia). 
C) testing the fractions and flowthrough for phosphorylation of tau protein and influence on binding to microtu- 
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fm^romatography of flowthrough on S-Sepharose, wherein the kinase activity elutes at 250 mM Nad; 

(E) chromatography on heparin agarose, wherein the kinase activity elutes at 250 mM NaCI; 

(F) gel filtration, wherein the kinase activity elutes at 70 kDal; 

(G) chromatography on Mono Q, wherein the kinase activity elutes at 150 mM NaCI; 



and has the following characteristics: 

25 

(a) it does not bind to Q-Sepharose but to S-Sepharose; 

(b) it has an alkaline pi; 

8 !^H^»tSS»« — — «• m. «• — 

(f) it phosphoryiates Ser 262, 293. 324, and 409 or tau protein. 

[0027] In another preferred embodiment of the invention, the 70 kDal kinase which phosphorylates the two IGS motifs 
35 and the two CGS motifs of tau protein (Serines 262. 293, 324, 409) may be obtained as follows: 

(A) Preparation of high spin supernatant of brain extract; 

(B) chromatography on Q-Sepharose; _ 

(C) chromatography of flowthrough on S-Sepharose. wherein the kinase activity elutes at 250 mM NaCI. 
40 (D) chromatography on heparin agarose, wherein the kinase activity elutes at 250 mM NaCI; 

(E) gel filtration, wherein the kinase activity elutes at 70 kDal; 

(F) chromatography on Mono Q, wherein the kinase activity elutes at 150 mM NaCI. 

(See Fig. 45) 

45 r0028] The brain extract in step A may be e.g. human or another mammalian brain extract 

The purification steps noted above are conventional ones known in the art as described throughout ^ ^ca^ 
Thus preparation of the brain extract was carried out as described in Example 1 1 . whereas binding studies between 
tau and taxol-stabilized microtubules may be done as described in Example (6). 

[0029] Furthermore, assays of tau-phosphorylation such as in-gel assays may be earned out as described in detail in 
so Example 11. 

[0030] Chromatography on Mono Q may be carried out as described in Example i 1. 

[0031] With respect to the actual conditions used for obtaining said kinase, a person skilled in the art will be able to 
deviate from the protocol outlined above and still obtain the kinase of the invention. Such a deviation may e.g concern 
the composition of the protease inhibitor cocktail of step (a): It is conceivable to use different inhibitors under the proviso 
55 that the kinase activity is not diminished or destroyed. 

[0032] in a most preferred embodiment the present invention reJates to a protein ^^^^ PjfJJ? 
rylates serine residues 46, 199, 202, 235. 262, 396, 404, 422 and threonine residues 50, 69. 1 11. 153, 175, 181, 205, 
212, 217. 231 of the tau protein. 
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[0033] In another most preferred embodiment said kinase phosphorylates serine residue 262. 
[0034] A further preferred embodiment relates to a protein kinase which is glycogen synthase kinase-3. that is, iso- 
torm a, 51 kO or p {45 kD) and/or cdk2-cyclin A (33 kD). 

[0035] In another preferred embodiment of the present invention, said kinase is a protein kinase from human brain, 
porcine brain, or another source. . 
[0036] Another object of the invention is to provide pharmaceutical compositions containing a specific inhibitor tor the 
protein kinase of the invention, optionally in combination with a pharmaceutically acceptable carrier and/or diluent 
[0037] The term "specific inhibitor for the protein kinase" refers to substances which specifically inhibit the enzymatic 
action of the protein kinase of the present invention. Inhibitors to enzymes such as protein kinases and their mode of 
action are well known in the art For example, such an inhibitor may bind to the catalytic domain of the enzyme thus 
rendering it incapable of converting its substrate. 

Examples of such inhibitors are peptide inhibitors and deactivating phosphatases such as PP2a. 
Another example is the deactivation of kinases by their phosphatases, e.g., PP-2a in the case of MAP kinase. 
Said pharmaceutical composition may be administered to a patient in need thereof by a route and in a dosage which is 
deemed appropriate by the physician familiar with the case. Pharmaceutically acceptable earners and/or diluents are 
well known in the art and may be formulated according to the route of administration or the special disease status of the 
patient 

[0038] In a preferred embodiment the present invention relates to a pharmaceutical composition for use in the treat- 
ment of Alzheimer's disease. . 
Again, said pharmaceutical composition may be administered to a patient in need thereof by route and in a dosage 
which is deemed appropriate by the physician handling the case. 

[0039] tn another preferred embodiment of the present invention, said pharmaceutical composition contains as the 
specific inhibitor at least one oligo- or polypeptide comprising an epitope of the invention. 

The term "oligo- or polypeptide comprising an epitope of the invention" refers to peptides which in their two- or three- 
dimensional structure reconstitute the epitope of the invention which is specifically recognized by an antibody directed 
thereto. Moreover, said oligo- or polypeptides may solely consist of the amino acids representing said epitope(s) or they 
may comprise additional amino acids. The construction of such oligo- or polypeptides is well known in the art. 
[0040] Another object of the invention is an antibody which specifically recognizes an epitope of the invention. 
Said antibody may be a serum derived or a monoclonal antibody. The production of both monoclonal and polyclonal 
antibodies to a desired epitope is well known in the art {see. e.g. Harlow and Lane, Antibodies, A Laboratory Manual, 
Cold Spring Harbor Laboratory, Cold Spring Harbor. 1988). Furthermore, said antibody may be a natural or an antibody 
derived by genetic engineering, such as a chimeric antibody derived by techniques which are well understood in theart 
Moreover, said antibody also refers to a fragment of an antibody which has retained its capacity to bind the specific 
epitope, such as a Fab fragment 

[0041 ] In a preferred embodiment the antibody of the present invention recognizes the protein kinase of the present 

invention. in . . . , 

The term "recognizes the protein kinase of the present invention" as used herein means that the antibody does not or 
insignificantly cross-reacts with other substances such as different protein kinases present in the same biological envi- 
ronment. Moreover, it means that the antibody does not or insignificantly cross-reacts with different protein kinases 
4o when tested in in yjlEQ systems. . 
[0042] In another preferred embodiment the antibody of the present invention is a monoclonal antibody. 
[0043] Another object of the invention is to provide diagnostic compositions for the detection and/or monitoring of 
Alzheimer's disease comprising 
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45 - an epitope of the invention; 

a kinase of the invention; and/or 
an antibody of the invention. 

[0044] The diagnostic composition of the invention may comprise for example an antibody of the invention which spe- 
so cif ically recognizes one of the kinases of the invention or an enhanced level of said kinases in a sample to be tested. In 
another embodiment, said diagnostic composition may comprise an antibody of the invention directed to one of the 
epitopes of the invention. Thus, an Alzheimer correlated disease state of a sample may be detected by treating said 
sample with an antibody recognizing the epitope of the invention. The antibody-epitope (hapten) complex may be visu- 
alized using a second antibody directed to the antibody of the invention and being labelled according to methods known 
55 in the art {see, e.g.. Harlow and Lane, bid.). _ 
In still another embodiment of the present invention, said diagnostic composition may consist of an epitope of the inven- 
tion and an antibody of the invention. Treatment of a sample with said antibody may give rise to conclusions with regard 
to the disease state of the corresponding patent, if the binding of said antibody to said sample is brought in relation to 
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binding oi said antibody to said epitope of the invention used as a reference sample 

In still another embodiment the diagnostic composition may comprise an epitope oi ^^^^f^^. 
ion and an antfoody 0. the invention. Kinase actMy may be monitor^ ^^g^S SISS 
as compared to the phosphorylation of the epitope of the invention. Rom the «^£525 
ytationstate of the tau protein contained in said sample and therefore the dsease state of the prtart m ^ de J^; 
The kinase activity may e.g. be deduced by including a substrate analog in the same reaction, which is «ualy detect 
Se^ eSlSversion. Such substrate analogs are widely used in the art. Alternately, the amount of phos- 

antibody of the invention directed to the phosphorytated epitope and usrng the amount of SjJS 
vided by the diagnostic composition as an internal standard, or by determent) the amount of ptaptata """J"™** 
mtolau omtein by the WnasHg. by radioactive tracer methods which are well known in the art The pereon stalled m 
SShep^ 

understood that all conceivable combinations fall within the scope of protect™ of the present inv^boa 
[00451 Anotherobjectoftoeinventionistoprovidea 

Ee cX^ng assaying a cerebrospinal fluid isolate of a patient or carrying out a b,opsy of nerve tissue 

- for the presence of a phosphorated Alzheimer tau protein containing an epitope of the invention; 

- for the presence of a protein kinase of the invention; or 

- for the presence of phosphatases PP2a. PP1 and/or calcineurin. 

The -cerebrosoinal fluid isolate of a patient" is obtained by standard medical procedures, 
mwe] ^anple 2 a nerve tissue suitable for said biopsy is the olfactory epithelium. ^ P»"«£ 
rnay cLyoS said method employing e.g. the diagnostic tools illustrated in connection wrth the d.agnostic compos. 

zs EST*!!, preferred method of the present Mention, the A-zheimer tau protein and the phosphorylation of serine 
residue 262 of tau protein, respectively, is detected by using an antibody of the invention. 

SSler tL SSn wherein normal tau protein is treated with a protein kinase of the present invention under cona- 
tions which allow the phosphorylation of said normal tau protein. h ^ ohnru , atoH , P „ a t S6r . D ro or thr-oro 
The term "Alzheimer tau protein" relere to tau protein that is abnormally phosphorylated (e.g. at ser pro or tor pro 

^^^^Z^Z^H * protein kinase. This activity results in phosphorylation of the substrate itf 
toe Spread 

Sosi] Normal tau protein may be derived from natural or recombinant sources. It is. for the purpose of carrying out 
the method of the oresent invention, however, expedient to use recombinant material. 

rJZ or^ntSion provides sufficient amounts of Alzheimer tau protein for a vanety of purposes: With 

weethuseomributino to the elucidation of the molecular basis underlying Alzheimers disease. 
SepTsonsSS 

which all fall under the scope of protection of the present invention. 

SSl The pTesent irSon relates, moreover, to the use of an epitope of the « W Man of Alzhe- 
Lr tau orotein soecific antibodies or antibodies to a tau protein specific for the onset of Alzheime disease. 
The S3 to ELg said antibodies are well known in the art; thus, the generation of polyclonal or monoclonal 
IIS niy bfconduded using standard methods (see. e.g., Harlow and Une. ibid.). If an ofgo- or po ypeptide * 
S tor to^enLton of antibodies it is desirable to couple the peptide comprising the eprtope to a suitable earner 

^SSSS^li methods of coupling hapten (comprising or being identical to the epitope) ^ar^ earner are 
also Stown in toe art (Harlow and Lane, ibid.). It is also to be understood any animal surtabfe to generate the 
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desired antibodies may be used therefor. 

[00531 in another aspect Ihe present invention relates to a pharmaceutical composition for use in the treatment or 
prevention of Alzheimer's disease comprising an inhibitor of the formaUon of Alzheimer paired helical f .laments from tau 

lOOSfl d m accordance with the present invention, it was found that tau proteins form antiparallel dimers via assembly 
of their repeat units located in the C-terminal domain of the protein. Whereas dimerizafcn of tau protons appears tobe 
a physiological process, the formation of higher order structures such as PHFs seems to be due to deregulation in the 
assembly process. Consequently. PHFs are formed from a number of tau dimers wherein the cross-l.nk.ng of dimers 
may occur via intermolecular disulfide bridging. 

[00551 Deregulation of the assembly process with sitoequent formation of PHFs from tau dimers appears o be due 
to abnormal phosphorylation of tau proteins because, as has been found in accordance with the present invention, trun- 
cated tau proteins consisting merely of the repeat units are able to form PHFs, whereas tau proteins or tau-l.ke proteins 
aOTprisingtheN-terminusandC-terminusaswellareunabletodoso. u^».^«k» 
[0056] An inhibitor useful in the composition of the present invention is therefore any .nhibitor capable ^inhibiting the 
formation of PHFs from tau dimers regardless of the molecular mechanism it interferes with. Such an .nhibrtor may be 
for example, an inhibitor to a protein kinase responsible for abnormal phosphorylation of tau protons as a compound 
interfering with the formation of intermolecular cross-links or association of tau dimers. 

[0057] A further object of the present invention is to provide a method for testing drugs effective in dissolving Alzhe- 
imer paired helical filaments comprising the following steps: 

(a) allowing the formation of Alzheimer paired helical filaments from polypeptides comprising tau-derived 
sequences under appropriate conditions; 

lb) incubating the Alzheimer paired helical filaments with the drug to be tested; and 

(c) examining the result of the incubation of step (b) with respect to the dissolution of the Alzhamer-like pared hel- 
ical filaments. 

[0058] The term -effective in dissolving Alzheimer paired helical filaments" as used herein is Mwdedto 
partially dissolved PHFs. For the object of the present invention it is sufficient that the drug to be tes.ec hs effective ,n 
the reduction of the size or the break-up of PHFs, thus fuMling a supplementary function in therapy, although a total 
dissolution by the drug is preferred. 

[0059] The term "polypeptides comprising tau derived sequences" refers to any polypeptide wh.dicompr.ses 
sequences from tau protein capable of forming PHFs regardless of the length of said sequences or of mutations dele- 
tions, insertions or heterologous sequences as long as the function of said polypeptides to farm PHFs remains irtact 
[0060] The term "appropriate conditions" in connection with the formation of Alzhe.mer PHFs refers to any condrt.cn 
Ihich allows said formation. Said conditions may indude the availably of a MAP kinase if natural tau protein ,s used. 
[0061] In a preferred embodiment, the conditions applied in step (a) of said method comprise an env,ronment of 0.3 
to 0.5 M Tris-HCI and pH 5.0 to 5.5 without additional salts. 

[0062] Still another object of the invention is to provide a method for testing drugs effective in the prevention or reduc- 
tion of the formation of Alzheimer paired helical filaments comprising the following steps: 

(a) incubating the drug to be tested with polypeptides comprising tau-derived sequences under conditions which 
allow the formation of Alzheimer paired helical Uaments in the absence of said drug; and 

(b) examining the result of the incubation of step (a) with respect to the presence or absence of Alzhe.mer pared 
helical filaments in the incubation mixture. 

[00631 The term "conditions which allow the formation of Alzheimer paired helical filaments in the absence of said 
drug" refers to any condition which allows the formation of PHFs provided said drug is not induded in the incubation 
mixLre. A prefened example of such a condition is an environment of 0.3 to 0.5 M Tr.s-HCI and pH 5.0 to 5.5 without 

SowS^Tife'term "presence or absence of Alzheimer paired helical filaments" as used herein is intended to include 
results wherein only a limited amount of PHFs has been formed as compared to control experiments where no such 

drug has been used. „ . . ,. 

[0065] In a preferred embodiment in the above methods, said polypeptides compr.se essentially the repeats from the 

C-terminal part of the tau protein only. . . 

[0066] In accoidance with the present invention, it was found that the repeats comprised in the C-term.nal doman of 
fee tau protein are responsible for dimerization of the protein under physiological corrfrtions and subsequent oligomer- 
ization leading to Alzheimer-like paired helical filaments. The term "Alzheimer-tike paired helical filaments is used here 
as opposed to "Alzheimer paired helical filament" solely to indicate that non-repeat unit parts of the tau protein normally 
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present in PHFs are absent from PHFs "T* "^JE^ urtts only provide an idea, in yjro. system to 
[0067] Accordingly, the polypeptides compnsmg essentelly the repeat una y P 

ssi "S? - «» „ M « «. *- <■*• m»- b »»~ *" - e e5^M ' a " , co ^* lsea 01 

rw eal units teen me «u proMi «*> via be used alone or In setteU 
paired helical filaments comprising the following steps. 

M ex™"*, M elfeel ol sea (tag on sea pM nefcal Menerts. 

IM71) ^^^-i^-^-v-^^^S^iS^^ 
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mary culture of nerve cells. evamoles are the neuroblastoma cell lines N21 and PC12. 

Sucn cens or cell lines are well kno^n n endogenous 

[0075] These cell lines are particularly P^^™^ c ™ J 0 n for theTeatment of Alzheimer disease com- 



[0077] TneHguresshow: 

Am,oacid sequence o, tau (isoform htau40, Goadert et a, 1989).- Tne motifs SR. TP, tGS and COS are 
highlighted. 



as Bg. 1a: 
Fig. 1b: 
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so Rg. 2: 
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Rg. 3: 



• iwi irniminnhlots of (a) and PHF tau with the ATS antibody, (a) SDS gel. Lane 

(a) SDS gel of tau isoforms, (b) <^^^^Z^JL ta isoforms in a mixed state of phospho- 
1. marker proteins. Lane 2: ^^^ h 8b, T^^^ Nole that all isoforms 

rylata.LaneS.bovinebra^ 

Se^^:^ 

29 rescues (zero: h«au23, 24 one:tou37.34 feoforrns in ^ range oi eo-70 kD; 

human tau isoforms show any reaction. 

Phosphorylation o, bacterially expressed human tau isoforms with the kinase from brain, (a) SDS gels, (b) 

including htau37, not shown here). 

* - mc^m tcio K19 andK17 K1 9 (99 residues) contains the sequence Q244-E372 of 
Diagram of constructs K3M, K10, Ki9, ana i\ w. iy » v ' ran _ pK / reD6a t 1 3 and 4; repeat 2 is 

Mau23 plus an N-terminal methionine. This comprises three of the repeats (repeat U» 



9 



Fig. 4: 

10 
15 



Fig. 6: 



25 



30 



EP 0 909 814 A2 

the constructs the epitope of ATS must be in this region (see Fig. 4). 

K10 is not completely phosphorytated. . 6) brth in ^ 

repeat region. 

, nAntide S195-R209 The 15 residue peptide (containing S serines and 1 threonine) was 
* 9 - 5 - tt^£S5?£SZ£ and S20, as defend by sec,uencing. 

ehosphoryla«on and anybody reasons of the ^^Z'^Z^ZZZSe 

^^^^ 

S^aLTSKS shows St the protein is not completely phosphorated. 

rmcourBeofphosphorylatlonolbacterlaJ.y .^turni^m*********""* 
ityandcorresponolng autoradiogram. u^pen 0 and 24 hours, as indicated. The 

24 hours (3.2/4.0). 

{a) SDSgel showing tato .«-«-l*«M«^-^«*« - ^ 1 *"* 10 ^ 
2SS!Sw2. the monoclone, embody SM.34. The an*,ody recognizes the protein on,y in the 
second and third stage of phosphorylation, but not in the first. 

Binding of tau isoformsto ^ M ^^ n ^ P ^^Z isotorm htau40 (whose band is 
(a) SDS gei of a binding experiment '"^ZZw^cZ^ simuRaieousiy. without 
clearly separated from that of tubulin (T) so that ^.~^^neiiete (P) or supernatants (S). with or 
having to remove tubulin by a filing step . The top I m nfeM P-* J) ° ^cen Joi). phos . 
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phoryfated protein is free (S). while only a small fraction is bound to the microtubules (P Lanes 3 and 4 
show that in the unphosphorylated state about hall ot the protein is bound, the other halffree (note also 
that the phosphorytated protein bands, lanes 1. 2. are higher in the get than the unphosphorylated ones, 
lanes 3. 4, similar to Fig. 1). Lanes 5-8. similar experiment with 15 uM htau40. Lanes 9, 10 show the case 
of 10 pM phosphorylated protein. Lanes 11-15 are tor density calibration with known amounts of htau40 
(15. 10.7.5.5, and 2.5 uM, resp.). 

(b) Binding curves of htau23 arci (c) Mau34 to microtubules before (circles) and after 24 hour Phosphor- 
ylation (triangles); these curves were derived from SDS gets similar to that of Fig. 3aJ>olymer.zed tubulin 
is 30 mM. Fitted dissociation constants and stoichiometric are as indicated. In each case the most dra- 
matic eHect is on the number ot binding sites which decrease about three-fold upon phosphorylation, from 
around 0 5 (i.e. one tau for every two tubulin dimers) down to about 0.16 (one tau for six tubulin d.mersX 
Note that the binding of unphosphorylated 4-repeat isoforms (such as htau34) is particulary tight (K,, round 
1-2(iM). 

, s Fiq 10- Diagram of htau40. showing the location of the 7 ser-pro motifs phosphorylated by the kinase activity. The 
boxes labeled 1 -4 are the internal repeats involved in microtubule binding; the second is absent in some 
isoforms (eg htau23). The two shaded boxes near the N-terminus are inserts absent in htau23 and 
htau24 so that these molecules have only 6 ser-pro motifs. The following radioactive trypHc peptides were 
found: 

20 

2( . 49: XDQGGTTXHQOOEGDTOACUCiSJ'LQ 

191-709: S£DWCnS.PCS.?CT7(lS» 

231-2*0: TPPtf.?SS« 

396-406: S?WSC0T5.?R 
30 385-405: TDHCA-JVTXS-PWSCOTS.Pk 

407-428: HLSIWSSTSSIDtOTSpKJLAll 
35 260-266: 1GS.TOT. 
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40 Fiq 1 1 • Binding of htau34 to microtubules, before (circles) and after phosphorylation for 90 min (stage 1 , Wangles). 

The reduction in binding capacity is very similar to that after 24 hours phosphorylation (compare Fig. 9b). 

Fig. 12: SDS-PAGE and immunoblots of tau protein from Alzheimer and normal human brain with antibodies 
SMI33. SMI31,andSMI34. 

(a) Lane 1 SDS-PAGE of tau protein from a normal human control brain, showing 5-6 bands between M.55 
and 65 kD (somewhat lower than the PHF tau of lane 3). Lane 2. normal human tau after phosphorylaton 
with kinase activity, resulting in an upward shift of all bands. Lanes 3. 4, immunoblot of PHF tau with art- 
body 5E2 which recognizes all tau isoforms independently of phosphorylation (Kosik et al.. Neuron 1 
(1988) 817-825) Lane 3, pHF tau as isolated from an Alzheimer brain; lane 4. after dephosphorytation 
with alkaline phosphatase. Note that the bands of the dephosphorytated protein are shifted down on the 

(b) Immunoblot of (a) with SMI33. The antibody recognizes normal human tau (lane 1). and PHF tau after 
dephosphorylation (lane 4). 

(c) Immunoblot of (a) with SMI31. Note that the antibody recognizes normal human tau after phospnoryla- 
55 tion. and PHF tau in its natural state of phosphorylation (lanes 2, 3). 

(d) Immunoblot of (a) with SMI34. This antibody recognizes normal human tau only after phosphorylation 
(lane 2). and PHF tau (lane 3). 
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Fig 13 : T.mecourseofphosphorylat^ 

and immunoblots with antibodies SMI33, SMI31 , SMI34, TAU1 , and AT8. 

(a) SDS-PAGE. phosphorylation times 0-24 hours, showing ^^^^^ TAU1 reoognize 
W) Immunoblots with SMI31. SMI34. SMI33, TAU1. and ATS. Antibodies SWII33 a ™ J^'^"'** 
SXp » the end of stage 1 (2 hours), but the epitope becomes blocked during ^f^e- 
Z^Z SMI34. and AT8 are complementary in that they recogmze the proton only .n the sec 

' S)^^^^ - SM131 ° «"* ^ ^ ^ fr0m ^ 8,398 2 Ph0S " 
phorylation onwards, similar to SMI31 . 

c- sns PAGE of tau and several constructs, and immunoblots with the antibodies SMI33. SMI31 1 and SMI3* 

F,Q - 14 ' SESSl Xl75 2: Construct K10 before and after phosphorytatior .with ^ £~<or M 
houi Lanes 3 and 4: Construct K17 before and after phosphorylation. Lanes 5 and ^ ^Jurt K 9 
EXe aSSter phosphorylation. All constructs except K19 show a shift upon phosphorylation. With K10 
one observes three shifted bands, with K1 7 there is only one shifted band. 

S ^nobtoTot (a) with SM.33: Tne anttoody recogni.es only K17 in the unphosphorytated form (lane 

1 planes 2 4) The antibody does not recognize K19 (the repeat region), but requires sequences 
SSStEEA and Ctermina. s«e of the repeats. Tne epitope is therefore non-contiguous (con- 

olS with SMI31 . The antibody recognizes only the top band of the phosphoryiated K10 
(lane 2). suggesting that the epitope lies behind the repeat region. 

as Fig. 15: Diagram of point mutants of htau40 and htau23. 

Fig. 16: SOS gel of htau40 and the point mutants of Fig. 15. and immunoblots with antibodies SMI33. SM131. and 

W Unes 1-8. SDS gel of htau40 and hs mutants KAP235. KAP396. and KAP23V396 in the "njojgo- 
ItedTnd phosphoryiated form W- In each case phosphorylation leads to an upward shrft .n the SDS gel. 
H «£t oT(aT wTK*. The antibody response is strongly reduced when SS>5 * £j 
phosphoryiated and phosphoryiated state (lanes 3+ 4. 7,8). This 

Z KSP motif is part ot the epitope ol SMI33. When S396 is mutated to A the behavior ,s simitar to me 
pareni imolecule, U strong antibody response in the dephosphorylated state, no react.on ,n the phospho- 
rated state so that S396 does not contribute to the epitope of SM 133. J4 ^ Wm 
X 1£?M ITsMM. The antibody recognizes htau40 and all mutants in the phosphoryiated form 
Sanest 

5£of (a) with SMI34. The reaction is similar to SMI31 but more pronounced, again indicating that the 
two KSP motifs are not essential. 

Fia 1 T Deletion mutants of tau and their antibody response, (a) SDS gel of constructs containing only two ^repeats 
Fig. 17. °®J°™ r ^^^ 

Zt #L , .rttedVreooanizeB all phosphoryiated proteins (K7 only weaWy). (c) Immunol** of (a) with 
SMI3 S\SS2 SSytSrSs he phosphorated two-repeat molecules (K5-K5). but no. toe 
Le repeat nilecules (K13-K1 Shanes 7 and 8 show htau40 as a control, (d) SDS gel ol constructs K2. 
SSrSrl and after phosphorylation, (e) Blot of (d) with SMI34, recognizing only K4 phosphor- 
yiated. (f) Blot of (d) with SMI31, recognizing only K2 phosphoryiated. 

Fig. 18: Diagram of htau40 and various mutants used in this study. 

Fia 19- Diagram of tau feotorms and constructs used in studies on tau dimerization and otigomerization 
F,g. 19. 9^ 0 derivaj jrom wau40 (see |t hastw *?U**m- 

nuspSreSes each/hatched), a repeat domain of four repeats (numbered 1 -4) whch.s duplicated with 

(bmRSlTr^uS 6 !/ 53459; it iacks the N-,ermina, inserts, but has the four repeats W™f 
(c) T7R-2,480 residues, MW 50212; similar to T8R-2. but without the second repeat sequence ,n the first 
repeat domain. 
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(d) Htau40.441 residues, MW 45850, the largest ot the six human tau isoforms (Goedert et aL), with two 
N-terminal inserts and a repeat domain contaning four repeats. 

(e) Htau23,352 residues, MW 36760, the smaHest of the human tau isoforms, without the N-termina! 
repeats and only three repeats. 

5 (f) K11 , 1 52 residues, MW 1 6326, a repeat domain with four repeats plus a short tail. 

(g) K12.121 residues. MW 13079, a repeat domain with three repeats plus a short tail 

Fig 20' SDS PAGE (4-20%) and gel chromatography of tau constructs and cross-linked products. Gels a and c 
were run in reducing conditions (3 mM DTT in sample buffer), gel b in non-reducing conditions (except lane 
10 1 with 3 mM DTT in sample buffer). 

(a) Constructs T8R-1, Htau23 and K12. Molecular weight markers are given on the left. 

(b) Construct K12 and cross-linked products. Cross-linking occurs spontaneously in the absence of DTT; 
it can be prevented by DTT, or induced by addition of PDM or MBS. Aggregation products are labeled on 
the right (monomers, dinners, trimers, tetramers etc.). 

J5 ( C ) Silver stained SDS gel of a Superose 12 gel filtration run of K12 cross-linked by PDM. The dimers (top 

band) elute before the monomers. Fractions 16 and 17 were used for electron microscopy, 
(d) Elution profile of Superose 12 gel filtration of construct K12 monomers and dimers cross-linked with 
PDM. The elution positions of calibration proteins are plotted against their effective hydrated Stokes radii 
on a logarithmic scale (right axis). 

20 (e) CD spectrum of construct K12 (8 mg/ml in 40 mM HEPES pH 7.2, path length 0.01 mm). There is no 

significant a-helical or p-sheet structure. Similar spectra are obtained with other constructs as well as with 
full length tau. 

Fig 2 V Synthetic paired helical filaments from construct K1 2. 

(a) A tangle of synthetic PHFs from K12 (crossover period of « 70-75 nm indicated by arrowheads). The 
construct was expressed and purified by the methods described previously (Steiner et al.). It was dialysed 
against 0.5 M Tris-HCI. with pH values between 5.0 and 5.5. The solution was negatively stained with 2% 
uranyl acetate. ^ 

(b) and (c) Single fibers of synthetic paired helical filaments made from construct K12. Note the crossover 
repeats (arrowheads) and the rod-like particles of lengths around 100 nm (c. middle). Bar= 100nm. 

Fig. 22: Synthetic paired helical filaments from K12 dimers cross-linked with PDM and negatively stained with 1% 
phosphotungstic acid (micrographs provided by M. Kniel). Bar = 100nm. 

Fig 23- Paired helical filaments from Alzheimer brain (micrographs provided by Dr. Lichtenberg-Kraag). 

(a) PHFs from neurofibrillary tangles prepared after Wischik et al., stained with 1% phosphotungstic acid. 
This preparation contains homogeneous long filaments which still retain their pronase sensitive "fuzzy 
coat. M The crossover repeat is 75-80 nm, the width varies between a minimum of about 10 nm and a max- 
imum of 22 nm. 

(b) PHFs prepared after Greenberg & Davies. This preparation results in soluble filaments of shorter length 
than in (a) and is more heterogeneous. (1) is a paired helical filament with a 72 nm repeat and a width var- 
ying between 8 and 18 nm; (2) is a straight filament of 8 nm width; (3) is a twisted filament with a particu- 
larly wide diameter (up to 25 nm); (4) is a straight filament with a wide diameter (18 nm); (5) is a twisted 
rod-like particle about 80 nm long, equivalent to about one crossover period. In many cases the particles 

45 appear to have broken apart across the filament, e.g. the two rods labeled (4), the twisted filament of (3) 

and the short stub to the right of it, or the two straight rods above particle (3). Bar = 100 nm. 

Fig. 24: Electron micrographs of tau isoform htau23 and construct T8R-1 prepared by glycerol spraying and metal 
shadowing 
so (a) monomers of htau23, 

(b) dimers of htau23, 

(c) monomers of T8R-1 , 

(d) folded forms of T8R-1 (hair-pin folds showing intramolecular antiparallel association). 

(e) dimers of T8R-1. For lengths see Table 1 and Fig. 7. Interpretative diagrams are shown on the right. 
55 Bar = 50nm. 

Fig. 25: Length histograms of tau constructs and dimers. 



25 



30 



40 



13 



EP0 909 814 A2 



Fig. 26: Electron micrographs of constructs K1 1 and K12. 

(a) Monomers of K11, 

(b) dimers of K11 

(c) tetramers of K1 1 formed by longitudinal association of two dimers. 
5 (c) Monomers of K12, 

(d) dimers of Kl 2, 

(e) tetramers of K12. Bar = 50 nm. 

Fig. 27: (a) K12 dimers cross-linked by PDM (i.e. Cys322 to Cys322): 
to (B) K1 2 dimers cross-linked by MBS (i.e. Cys322 to nearby Lys). Bar = 50 nm. 

Fig. 28: Antibody labeling of htau23, K12 and cross-finked products thereof. 

(a) htau23 dimers with an antibody at one end (left) and with an antibody at each end (right) demonstrating 
the ant'iparallel dimerization of htau23; 
is (b) K12 dimers with an antibody at one end (left), with antibodies at both ends (middle) and presumable 

tetramers with antibodies at the free ends (right) indicating that this type of association blocks the epitope; 

(c) K12 dimers cross-linked with PDM, with an antibody at one end (left), with antibodies at each end (mid- 
die) and a tetramer with antibodies at the free ends (right); 

(d) K12 dimers cross-linked by MBS with an antibody at one end (left), with antibodies at each end (middle) 
20 and a tetramer with antibodies at the free ends (right). Bar = 50nm. 

Fig. 29: Time course of phosphorylation of htau40 by GSK3 and immune response. (1 ) SDS-PAGE of htau40 after 
incubation with the kinase between 0 and 20 hours at 37°C. The minor lower band in lane 1 is a fragment 
Note the progressive shift to higher Mr values, similar to the effects of brain extract and MAP kinase. (2) 

25 Autoradiography. (3) Immunoblot with the antibody TAU1 whose reactivity is lost after «2 h (foQowing the 

phosphorylation of S 199 and S202). (5) Immunoblot with antibody SM134 (conformation sensitive and 
against phosphorylated Set). (6) Blot with SMI31 (epitope includes phosphorylated S396 and S404). (7) 
Blot with antibody SMI33 which requires a dephosphorylated S235. There are some differences with 
respect to phosphorylation by MAP kinase or the brain extract. The SMI33 staining persists for a long 

so period, suggesting that Ser235 is only slowly phosphorylated by GSK3. Tne staining of SMI31 appears 

very quickly, before that of AT8 or SMI34, showing that S396 and S404 are among the earliest targets of 
GSK3. 

Fig. 30: Mobility shift of htau23 versus mutant htau23/A404 upon phosphorylation with GSK3. Top, SDS gel. bot- 
35 torn, autoradiogram. Lanes 1 -3, htau23 unphosphorylated and phosphorylated for 2 or 20 hours. Note the 

pronounced shift and the clear incorporation of phosphate. Lanes 4-6, mutant Ser404-Ala, unphosphor- 
ylated and phosphorylated for 2 and 20 hours. The shift after 2 hours is much smaller and the degree of 
phosphorylation much lower. This shows that the first strong shift and phosphorylation is at Ser404, similar 
as with MAP kinase and the brain extract kinase activity. 

40 

Fig. 31 : Diagrams of tau constructs. Top, AP1 7, a derivative of htau23 with all Ser-Pro or Thr-Pro motifs altered into 
Ala-Pro. Middle. AP11, only Ser-Pro motifs changed into Ala-Pro. Bottom, K18, only 4 repeats of tau 
(derived from htau40). 

45 Fig. 32: Copolymerization of MAP kinase and GSK3 with porcine brain microtubules, (a) SDS gel of microtubule 
purification stages. Ex = brain extract supernatant after first cold spin. S = supernatant of first hot spin = 
tubulin and MAPs not assembled into microtubules after warming to 37°C; P = pellet of redissolved micro- 
tubules. The other lanes (S. P) show two further cycles of assembly and disassembly by temperature shifts 
(last pellet of microtubule protein was concentrated), (b) Blot with anti-MAP kinase, showing mainly the p42 

so isoform and some of the p44 isoform. (c) Blot with anti-GSK3p; note that this antibody shows some cross- 

reactivity with GSK3a. (d) Blot with anti-GSK3a. The Wots show that both kinases and their isoforms co- 
purify with the cycles of microtubule assembly. 

Fig. 33: (a) Identification of GSK3a and p in normal and Alzheimer brain extracts. M = markers, lane 1, SDS gel of 
55 normal brain extract lane 2, immunoblot with anti-GSK3a; lane 3, immunoblot with anti-GSK3(3 (with some 

crossreactivity to a). Lanes 4 and 5, same blots with Alzheimer brain extracts. 

Fig. 34: Binding curves of htau23 to microtubules (made from 10 jiM tubulin in the presence of 20 uM taxol). Top 
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curve (squares), htau 23 unphosphorylated. Middle (circles), htau23 phosphorylated with GSK3, showing 
a comparable stoichiometry as the unmodified tau protein (saturating 0.6 per tubulin dimer). Bottom curve 
(triangles), control of htau23 phosphorylated with the brain kinase activity, showing a pronounced 
decrease in stoichiometry. The solid lines show the best fits assuming independent binding sites. 

5 Fig. 35: (a) Diagram of htau23 and point mutants used in this invention, (b) Binding curves of htau23 and its point 
mutants to microtubules, unphosphorylated and phosphorylated with brain extract. The top and bottom 
curves show unphosphorylated and phosphorylated wild type htau23, the other curves are after phospho- 
rylation. Mutants are (from top to bottom): Ser262-AIa. Ser235-Asp/Ser396-Asp, Ser404-Ala, Ser202-Ala. 

10 TTie mutation at Ser262 nearly eliminates the sensitivity of the tau-microtubule interaction to phosphoryla- 

tion. These curves were derived from quantitating SDS gels by densitometry (see Example 6). Polymer- 
ized tubulin is 30 nM. The fitted stoichiometric n (= tau/tubulin dimer) and binding constants Ka(nM) are: 
htau23wt non-phos. (n-0.49, 1^=2.5); A262 phos. (n-0.45, 1^=5.3); D235/D396 phos. (n=0.32, 1^=7.4); 
A404 phos. (n=0.32, ^=9.3); A202 phos. (n=0.31, 1^=9.4); htau23wt phos. (n=0.16, ^=4.9). 

T5 

Fig. 36: Binding curves of htau40 to microtubules. Top, unphosphorylated htau40 (triangles); middle, htau40 phos- 
phorylated with MAP kinase (circles); bottom, htau40 phosphorylated with brain extract (squares). Fitted 
dissociation constants and stoichiometries are as indicated. 

20 Fig. 37: (a) Diagram of total mutant AP1B. All Ser-Pro Thr-Pro are replaced by Ala-Pro. In addition, Ser262 and 356 
are mutated into Ala. In the mutant AP17 Ser262 and Ser356 remain unchanged, (b) Binding curves of 
htau 23 and the total" mutants AP17 and AP18 to microtubules without or with phosphorylation by brain 
extract Top, unphosphorylated htau23 (filled triangles); middle, phosphorylated AP18 (circles), the two 
bottom curves are phosphorylated AP17 (open squares) and htau23 (open triangles). The difference in 

25 behavior between AP17 and AP18 is due to the phosphorylation of Ser262 in AP17. Fitted stoichiometries 

and binding constants are: 

htau23wt non-phos. (n=0.49, ^=2.5); AP18 phos (n=0.48, 1^=6.1); AP17 phos (n*0.18, 1^=6.6); 
htau23wt phos. (n=0.16, K<p4.9). 

30 Fig 38: preparation of the kinase from porcine brain by chromatographic steps, (a) Mono Q HR 10/10 FPLC. The 
phosphorylation of recombinant human tau 34 and construct AP17 is shown on the y-axis as moles Pj 
transferred per mole of tau. Fractions which decrease the binding of tau to MT elute around fraction 1 2, 20 
and 30. the peaks around fractions 20 and 30 being the most effective. <b) Fractions 28-32 from Mono Q 
were gel filtrated on a Superdex G-75 HiLoad 16/60 column. The column was calibrated with standard pro- 
teins as shown by the filled symbols: Ribonuclease, 14 kDal; chymotrypsinogen A; 25 kDal; ovalbumin. 43 
kDal; bovine serum albumin, 67 kDal. Molecular weight is indicate on the right y-axis on a logarithmic 
scale. The phosphorylation of htau34 and construct K18 is shown on the left y-axis. The highest activity 
elutes at a Mr of approx. 35 kDal. (c) Fractions 1 7-23 from the gel filtration column were pooled and rechro- 
matographed on a Mono Q HR 5/5 column. Fraction 10 was used for binding studies, (d) SDS-gel showing 
the main purification stages. M: Marker proteins; lane 1, whole brain extract, lane 2, Mono Q HR 10/10 
FPLC, fraction 30; lane 3, Superdex gel filtration, fraction 22; lanes 4-5, Mono Q HR 5/5 FPLC, fractions 
1 0 and 9. Lane 5 shows the purified 35 kDal band and a trace at 41 kDal. 

Fig. 39: SDS gel and in-gel assay of kinase activity (for details see Example 1 1). (a) 7-1 5% silver stained SDS gel 
45 of fractions 9-1 1 (lanes 1-3) of second Mono Q run (see Fig. 38c). (b) Autoradiogram of an in-gel experi- 

ment, with tau construct K9 (= four repeats plus C-terminal tail of tau) in the gel and 5 ui each of fractions 
9-1 1 (lanes 1 -3). (c) Autoradiogram of control gel containing no tau protein and showing no autophospho- 
rylation of the Mono Q fractions. Note that specific kinase activities are difficult to quantify from these gels 
since the renatured protein tends to diffuse out of the gels; this is especially true of the 35 kDal band. 

50 

Fig. 40: Effect of phosphorylation of tau by 35 kDal kinase on gel shift and microtubule binding, (a) SDS gel of 
htau23 and constructs phosphorylated by several kinases. M. marker proteins. Lanes 1 and 2, htau23 with- 
out and with phosphorylation by 35 kDal kinase. Lanes 3 and 4, same experiment with point mutant 
htau23(Ser409-Ala) (no shift); lanes 5 and 6, point mutant htau23(Ser416-Ala) (only part of the protein 
5 5 phosphorylated, but otherwise same shift as in lane 2); lanes 7 and 8, point mutant htau23(Ser404-Ala) 

(same shift as lanes 2 and 6). The mutants show that the 35 kDal kinase induces a shift by phosphorylating 
Ser409. Note that Ser404 is the target of MAP kinase, Ser416 of CaM kinase (Steiner et al.. 1990, ibid.), 
and Ser409 and Ser416 of PKA, each of which induces a shift. Lanes 9-1 1 show a comparison of the shifts 
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induced in htau23 by the different kinases (CaM kinase, PKA and MAP kinase). The shifts induced by PKA 
(lane 10) is the same as that of the 35 kDal kinase, and that MAP kinase produces by far the largest shift, 
typical of the Alzheimer-like state of tau. The bars on the right indicate the shift level; from bottom to top. 
unphosphorylated htau23 (control). CaM kinase shift level. PKA shift level. MAP kinase shift level. All shrft 
sites are near the C-terminus, (b) Binding curves of htau23 and the mutants Ser262-Ala to microtubules 
without or with phosphorylation by the 35 kDal kinase (Mono Q fraction 10. 20 hours). Top. unphosphor- 
ylated htau23 (open circles. n=0.49. 1^=2.5 pM); middle, phosphorylated mutant (squares, n=0.44 
1^=1 1 .6 uM); bottom, phosphorylated htau23 (filled circles. n=0.21, Kd=8.8 nM). In the absence of Ser262 
the reduction in stoichiometry is 0.05; with phosphorylated Ser262 it is 0.28. 

Fig. 41 : Diagram of htau40. highlighting the first rnicrotubule-binding repeat and the Ser262 that is important for 
microtubule binding. 

Fig. 42: 1. Dephosphorylation ("dephos.") of p32-marked htau40 Cht40 32 P") with different PPases. Autodiagraphs 
?s of 7-15 % SDS gradient gels. 

Ftg.1: Autoradiography of 7-15% SDS gradient gels. 

A Dephos. with PP2a H-isoform (10ng/ml) 

20 Lane 1 : ht40P before dephos. 

Lane 2: 10 min dephos. 
Lane 3: 30 min. dephos. 
Lane 4: 120 min dephos. 

25 B. Dephos. with PP2a M-isoform (lOug/ml), 

Lanes 1-4: see A. 

C: Dephos. with PP2a L-isoform (lO^g/ml). 

30 

Lanes 1-4: see A. 
D: Dephos. with catalytic subunit of PP1 (500 U/ml), 
35 Lanes 1-4: see A. 

Fig. 43: 2. Dephosphorylation with PP2a-H: disappearing of phosphorylation dependent antibody epitopes 

A. SDS-PAGE (7-15%). 

40 

Lane 1 : ht40P before dephos. 
Lane 2: 10 min dephos. 
Lane 3: 30 min. dephos. 
Lane 4: 120 min dephos. 
45 Lane 5: 5h dephos. 

Lane 6: 16h dephos. 

B. Autoradtographs 

C. Immunoblot AT-8 
so D. immunoblot Tau-1 A 

E. Immunoblot SMI-33 

Fig. 44: Kinetics of dephos. with PP2a-H 

a. time course of dephos. of ht40P with different concentrations of PP2a 
55 b. variation in the ht40P-concentration: Michaelis-Menten-Diagramm. 

Fig 45- Preparation of the 70 kDal kinase which phosphorylates the two IGS motifs and the two CGS motifs of tau 
protein (Serines 262. 293. 324. 409). The kinase strongly reduces the affinity of tau for microtubules. 
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(a) Chromatography on S-Sepharose. Kinase activity elutes at 250 mM NaCl 
Q>) Chromatography on heparin agarose. Kinase activity elutes at 250 mM Nad. 
(c) Gel filtration on Superdex G-75. Kinase activity elutes at 70 kDal. 



Fig. 46: 



Time course of phosphorylation of htau40 with cdk2/cyclin A. Lanes 1 -9 correspond to time points 0. 1 0, 
30 90 mm. 3. 6, 1 0, 24 hours, and 0 min (the 0 min lanes are the control) ^ rxAsMnn 

(a) ' SSiaWr^e gel electrophoresis, showing the shift of the proton upon phosphorylatov 

(b) Autoradiogram showing increasing incorporation of phosphate. 

$ ImmunoWot with TAU-1 antibody which recognizes only we{l 
(d) immunoblot with AT-8 antibody which recognizes these two serines in a phosphorylated state, as well 

as Alzheimer tau. 
Example 1 Preparation of tau protein 

S" "gSto dMlimaMM brains : Human brain tissues from 
Greenberg & Davies, Proc. Nail. Acad. Set USA 87 (1990), 5827-5831. 

E^n^ Characterization and partial purification of the tau phosphorating activity (protein Kinase) of pore brain 
extract 

(0080, P-brainextractsuperna^ 
imer-specHic antibody reactivity in tau. 

p xaTOle3 Construction of piasmkfe carrying genes encoding recombinant tau polypeptides for the determination of 
Alzheimer tau protein specific epitopes 

K1 1 is a tau derivative containing 4 repeats and consists of 1 52 ammo acias iu*w- t^p 
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is a tau derivative containing 3 repeats and consists of 121 amino acids (Q244-Y394 plus start methionine, but without 
the second repeat V275-S305. htau40 numbering). 

Htatj?3 Rndhtau40 are human tau isoforms consisting of 352 and 441 amino acids, respectively (8). 
[0084] KlZ: The K17 tau cassette (145 residues) is a shorter derivative ol K16. It was made in two steps: First K16 
was constructed using PCR to engineer the htau24 gene. The 5' "add on" of restriction sites on both ends of the ampli- 
fied fragment was applied to facilitate the insertion of the PCR products into the cloning vector. The start primer (JB50) 
had the sequence GGCG ("G/C damp"), the CATATG recognition site for the Ndel nuclease (containing the universal 
ATG start codon), followed by coding information for amino acids S198-T205. The stop primer (JB51) had a "G/C 
clamp- and the GGATCC recognition sequence for BamHI followed by a stop anticodon and anticoding sequence for 
the C terminal amino acids P364-E372. The K16 tau cassette consists of 176 residues, 175 from htau40 (S198-E372) 
plus a start methionine. This fragment represents part of the assembly domain consisting of 46 residues between S1 98 
and the beginning of the first repeat following by the sequence of four repeats finished at E372. In the second step, a 
BstXI-BstXI fragment from the newly constructed tau K1 6 cassette was exchanged against the similar BstXI-BstXI frag- 
ment from the htau23 gene containing only three repeats and causing the generation of the tau cassette K1 7. Thus K1 7 
75 represents the analogous part of the projection domain like K1 6 but missing the second tau repeat. 

[00851 K2M (355 residues) is a chimera consisting of 1 45 residues from the amino terminus o! bovine Tau4 (from the 
plasmid P ETNde43-12, Himmler et aL. Mol. Cell. Biol. 9 (1989), 138M 388) and 190 residues from carboxy part of 
human htau23 (from the plasmid P UC18/htau23, Goedert et aL. 1988 ibid.). It is a molecule with three repeats and two 
amino terminal inserts, consisting of 29 residues each. K3M was constructed by excision of Xmal-Bcll fragment from 
P ETNde42-12 and replacing it with analogous Xmal-Bcll fragment originated from the htau23 gene. This manipulation 
removed 64 residues (Xrnal-Xmal segment from bTau4) and replaced the 4 repeats carboxy terminus against three 
repeats carboxy terminus. 

[0086] m represents the three repeats of htau23 and consists of 99 residues (Q244-E372, plus start methionine, 
without repeat 2). The K19 molecule was constructed from K17 by replacing the 144 nt long Ndel-Pstl fragment with 
the synthetic hexamer 5TATGCA3'. This modification retains the intact Ndel restriction site in the beginning of the mol- 
ecule and removes the Pstl site. * 
[0087] Construction of th* D-mutant of htau23 : In order to replace S199 and S202 by D in htau23. a double stranded 
DNA cassette encoding the amino acids G164-P219 was designed. This DNA segment was assembled from 8 oligonu- 
cleotides (30 to 60 nucleotides in length) and contained Sfil and Xmal sticky ends. The insertion of the assembled cas- 
sette into linearized pNG2/htau23 vector with removed native Sfil-Xmal fragment created the required gene. 
[00381 Construction of htau23/A404 : htau23/A404 is a mutated htau23 molecule where Ser404 was replaced by the 
Ala in order to remove this phosphorylation site. For convenient manipulation of the htau23 gene, an artificial Ncol 
restricHon site in the position 1 161 (Mau40 numbering) was introduced. This mutation was done using PCR-SOE (splic- 
ing by overlap extension, Higuchi et aL. Nucl. Acids. Res. 16. (1988), 7351 *7367). The new Ncol does not influence the 
amino acid sequence of tau protein. For the introduction of the Ala residue in the position 404 a synthetic DNA cassette 
was used representing the 120 bp DNA fragment between Ncol and Nhel restriction sites and encoding the amino 
acids His388-Thr427. This DNA segment was assembled from 4 oligonucleotides (54 to 66 nucleotides in length) and 
contained Ncol and Nhel sticky ends. The insertion of the assembled cassette into the linearized pNG2/htau23/Nco1 
vector with removed native Ncol-Nhel fragment created the htau23/A404 gene. The mutation of Ser396 to Ala was cre- 
40 ated in similar way like that in the position 404. 

[00891 K2 (204 residues) is a chimera consisting of 36 residues from the amino terminus of bovine Tau4 and 1 68 res- 
idues from the carboxy part of htau23; it contains three repeats. K4-K7 are deletion mutants of htau23 containing only 
two repeats- K4 has repeats No. 1 and 3 (270 residues. D345-A426 excised); K5 has repeats No. 1 and 3 (310 residues. 
D345-T386 excised); K6 has repeats No. 3 and 4 (322 residues, T245.K274 excised); K7 has repeats No. 1 and 4 (321 
residues V306-Q336 excised); note that repeat No. 2 is always absent in htau23. K13-K15 are deletion mutants of 
htau23 containing only one repeat: K13 has repeat No. 4 (291 residues, T245-Q336 excised); K1 4 has repeat No. 3(279 
residues T245-S305 and D345-D387 excised); K15 has repeat No. 1 (278 residues, D345-D387 excised). 
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Example 4 Determination of Alzheimer specific epitope in the tau protein 



100901 A panel of antibodies against PHFs from Alzheimer brain was closely examined for their reactivity and one 
(AT8) was found that was specific for PHF tau. Fig. 1 shows the reactivity of the antibody AT8 against different tau spe- 
cies. In the case of tau from Alzheimer paired helical filaments (PHF) the antibody recognizes all isoforms (Fig. 1b. lane 
1) When the mixture of tau isoforms from normal bovine or human brain was tested (known to be in a mixed state of 
55 phosphorylation. Fig. 1 a, lanes 2-5). reactivity with the ATS antibody (Fig. 1 b) was detected. The same is true for the 
six individual human isoforms expressed in E. coir (unphosphorylated. Fig. 1 a and 1 b. lanes 6-11). It is concluded that 
AT8 is indeed specific for Alzheimer tau; in particular, it reacts with a phosphorated epitope that occurs only in PHFs. 
but not in normal tau. Moreover, there is a correlation between the ATS reactivity, phosphorylation, and electrophoretic 
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mobility; it appears as if there was an Alzheimer-like phosphorylation that caused an upward shift in the SDS gel. 
[00911 In order to identify the Wnase(s) that were responsible for this behavior, and the corresponding phosphorylation 
sites, a kinase activity from porcine brain extract was prepared as described in Example 2. The six human isoforms 
axpressed in E. coli were phosphorytated according to standard procedures with this activity in the presence of okadaic 
acid a phosphatase inhibitor. Fig. 2a shows that each isotorm changes considerably its electrophoretic mobility m the 
gel (upward shift) and shows a strong immunoreactivity with the ATS antibody (Fig. 2b). These results show that the 
phosphorylation of tau by this kinase activity is analogous to that of the Alzheimer state. Moreover, since all isoforms 
are affected in a similar way the phosphorylation site(s) must be in a region common to all of them. 
[0092] The strategy to identify said common region was to use first the engineered mutants prepared as described in 
Example 3 in order to narrow down the site, and then to determine H by direct sequencing. Fig. 3 describes some o! the 
mutants used, K19, K10. K17, and K3M (see also Example 3). Except for K19. all of these mutants are phosphorylated 
by the kinase activity and show an upward M shift in the SDS gel (F,g. 4a). K19 is a construct that conpnses just three 
repeats of 31 or 32 residues. It does not become phosphorylated by the kinase activity and therefore does not show an 

t0093] rt "This meanllhat thfphosphorylation site(s) are outside the region of the repeats. Phosphorylation can take 
place on either side of the repeats and induces an upward shift in the gel; the shift is .larger for phosphorylation after the 
Repeats. The antibody AT8 recognizes none of the unphosphorytated forms (as expected); after phosphorylation i it 
reacts only with the construct K17 (Fig. 4b, lane 6). not with K10 or K3M (Fig. 4b. lanes 4 and 8). In other words. K17 
retains the epitope, while K10 and K3M have lost it. By reference to Fig. 3 it fe concluded that the eprtope .s notin the 
region of the pseudo-repeats nor in C-terminal tail where we found a CaM kinase site previously (since K10 and K19 
are non-reactive), but rather it has to be between S198and T220 (Fig. 3. peptide P). i.e. in the region following the major 

chymotryptic cleavage site (behind Y197) in the "assembly" domain of tau. ,„.«,„, 

[00941 Next a total tryptic digest of radioactively labeled htau34. an isoform with 4 internal repeats (Goedert el al., 
989 ibid ) was carried out. The peptides were isolated by HPLC and sequenced. One of them was in the area ot inter- 
est. S195-B209 (Fig. 5). This peptide contained two phosphates at S199 and S202. Both are followed by a proline, sug- 
gesting that the enzyme active in the extract was a praline-directed kinase. • 
[00951 These results suggested that the phosphorylation sensitive ATS eprtope might be in the vianrty of residue 20a 
This was tested by engineering a mutant of htau22 (3 repeats, no N-terminal insert) where S199 and S202 were bo* 
changed to D. This choice was made in order to rule out the phosphorylation of these residues by a tanas e. but also to 
mimick in part the "phosphorylated" state in terms of negath/e charges. On SDS gels this mutant showed a small 
upward shift to higher M (Fig. 6. lane 4). The immunoWots show that only the parent protein htau23 reacted with the 
antibody after phosphorylation (Fig. 6. lane 6), but not the unphosphorytated htau23 (as expected) nor the mutant. 

whether phosphorylated or not (lanes 7, 8). 

[00961 It is concluded that the epitope of ATS is in the region S1 99-S202 and depends on the phosphorylaton of these 
lo serines. They can be phosphorylated by a proline-directed kinase present in brain extract whK*v fcrns thapro «n 
into an Alzheimer-like state. The region is perfectly conserved in all tau variants known so far and explains why ail of 
them respond to phosphorylation and to the antibody in the same way. 

Example 5 Characterization of the protein kinase activity 

[0097] Phosphorylation of tau proteins was carried out in the following way: Tau protein (0.5 mg/ml) was i^ a *«L for 
various times (up to 24 hours) at 36'C with the brain extract in 40 mM HEPES containing 2 mM MgCI 2 . 1 mM DTT, 5 
mM EGTA 1 5 mM PMSF. 2 mM ATP. 20 ug/ml protease inhibitor mix (pepstatin. leupeptin. alpha-macrogiobulin. apro- 
tinin). with'or without 1 mM okadaic acid. After that 500 mM DTT were added, the solution; ^boiled for 10 mn and 
centrituged for 15 min at 15000 g at 4'C. The supernatant was dialyzed against reassembly buffer (RB, 100 mM Na- 
PIPES pH 6.9, 1 mM EGTA, 1 mM GTP, 1 mM MgS0 4 , 1 mM DTT) and used for binding studies. 
[0098] Radioactive labeling was done with gamma-l 32 P]ATP (NEN Du Pont) at 10 mCi/ml. 3000 Ci/mmol dHuted to 
15-30 Ci/mol ATP for autoradiography on SDS gels. The phosphate incorporated into the protein was .quantified I as fol- 
lows- 1 ug of phosphorylated protein was applied to SDS gels, the bands were art out and counted in the scintillation 
counter in Cerenkov mode. The counter was calibrated with known samples of K P (detection efficiency about 50% in 
Cerenkov mode). The corrected counts were translated into moles of P, per mole of tau on the basis of the known spe- 
cific activity of radioactive ATP used during phosphorylation. 

[0099] A remarkable feature found for this kinase is that it shifts the M r of all tau isoforms m three distinct stages (see 
Fig 7a and 8a for the case of htau23). During the first two hours of phosphorylation the protein is converted from a M„ 
= 48 kD protein to a slower species, with an M rl ot about 52 kD. Upon completion of this f irst stage a second one sets 
in which is finished around 6. 10 hours (M* = 54 kD). The third stage takes about 24 hours (M* = 56 kD), after that no 

[o7oor'During S the initial stage each band of the tau doublet incorporates phosphate (e.g. at a level of about 0.5 Pi per 
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molecule in the presence ol OA at 30 min, see Rg. 7b, lane 4). This means that there must be at least two distinct phos- 
phorylation sites, one that is responsible for the shift (the "shift site*, upper band), and one that has no effect on the M r 
(lower band). The lower band gradually disappears, and at two hours each tau molecule contains about 2 P ( . In other 
words, the upper band contains tau molecules in which the "shift site" is phosphorytated, irrespective of the other 
site(s); whereas the lower band contains only molecules where the shift site is not phosphor ylated. The effect of OA is 
seen mainly in the lower band, indicating that the phosphatase operates mainly on the non-shift site(s). These consid- 
erations apply to the first stage of phosphorylation; during the second and third stages there are further shifts, but a 
detailed analysis of shift sites and non-shift sites is not possible because of the overlap of bands. Overall about two 
additional phosphates can be incorporated in every stage, giving a maximum of 6 for htau23 and 7 for htau34. These 
values refers to the presence of OA; without it we usually find =1-2 P, less. When the purified kinase is used, one finds 
12-14 P h 

[01 01 J Since the major shift occurs during the first stage, and since a large shift is considered a hallmark of Alzheimer 
tau, it was suspected that the first stage phosphorylation might induce an Alzheimer-like state. This was checked by 
immunoblotting according to standard procedures with Alzheimer-specific antibodies. Rg. 8a shows a similar phospho- 
rylation experiment as above (with 10uM OA throughout), Rg. 8b is the immunoblot with the monoclonal antibody 
SMI34 which reacts with a phosphor ylated epitope in Alzheimer tangles (Sternberger et al, ibid.). The antibody recog- 
nizes the bacterially expressed tau phosphorylated by the kinase, but only from stage 2 onwards. A similar behavior is 
found with other Alzheimer-specific antibodies tested. The result from these studies is that the major phosphorylation- 
dependent M r shift (stage 1) is distinct from the ones that generate the Alzheimer-like antibody response (stages 2, 3). 

Example 6 Tau protein in microtubule binding studies. 

[0102] Another point of interest with respect to the correlation between abnormal phosphorylation of tau proteins and 
Alzheimer's disease was whether the phosphorylation had an influence on tau's affinity for microtubules. This was 
tested using a microtubule binding assay. Accordingly, PC tubulin was incubated at 37°C in the presence of 1 mM GTP 
and 20 jiM taxol. After 10 min tau protein was added in different concentrations and incubated for another 10 min. The 
suspensions were centrifuged for 35 min at 43000 g at 37°C. The resulting pellets were resuspended in CB buffer (50 
mM PIPES PH 6.9, 1 mM EGTA, 0.2 mM MgCl 2 , 5 mM DTT, 500 mM Nad). In the case of htau 23 and htau 34 the 
pellets and supernatants were boiled for 10 min and recentrifuged for 10 min at 43000 g at 4°C (this step served to 
remove the tubulin component which otherwise would overlap with these tau isoforms on SDS gels). Pellets and super- 
natants (containing the bound and the free tau, respectively) were subjected to SDS PAGE (gradient 7-15 % acryla- 
mide) and stained with Coomassie brilliant blue R250. The gels were scanned at 400 dpi on an Epson GT 6000 scanner 
and evaluated on a PC 368AT using the program GelScan (G. Spieker, Aachen). The protein concentration on the gel 
was always within the linear range (up to 1 .5 optical density). The intensities were transformed to concentrations using 
calibration curves and used in the binding equation. 

[0103] Tau bound =n[Mt][Tau lreo ]/{Kd+[Ta u freB ]) , from which the dissociation constand and the number n of binding 
sites per dimer were obtained by fitting. [Mt] is the concentration of tubulin dimers polymerized in microtubules (usually 
30 uM). 

[0104] With fully phosphorylated protein (stage 3. 24 hours) a dramatic decrease in binding capacity of htau23 was 
observed (Rg 9b). from about one tau per two tubulin dimers to one tau per six tubulin dimers. In other words, it appears 
that unphosphorytated tau packs tightly onto a microtubule surface, whereas fully phosphorylated tau covers the micro- 
tubule surface less densely, as if it occupied more space. Fig. 9c shows the same experiment with htau34. The results 
are similar, i.e. there is a threefold reduction in binding capacity. Tau isoforms with tour repeats, such as htau34, bind to 
microtubules particularly tightly in the unphosphorylated state (Kd'1-2 nM). 

[0105] Since the major shift (see Example 5) occurs during the initial two hours it was of interest to find out which 
residues become phosphorylated during me first stage, and how they affected microtubule binding. As mentioned 
above, there are about two phospates incorporated during this period, one of which causes the shift from M ro to M r1 . 
Rg. 10 illustrates the binding of htau34 to microtubules after 90 min of phosphorylation. The striking result is that the 
limited phosphorylation decreases the affinity as efficiently as the full phosphorylation. This means that the reduction in 
nicrotubule affinity precedes the Alzheimer-like immunoreactivity (Fig. 8). 

[0106] The analysis of tryptic peptides after 90 min showed four major peaks of radioactivity, with phosphates on ser- 
ines 202, 235, 404, and 262. Three of these are SP sites that are not in the repeat region, but rather flank that region 
in nearly symmetric positions (Rg. 1 1 ); the fourth (S262) is a non-SP site in the first repeat. It is in particular note-worthy 
that S396 was not among the phosphorylated residues. This was unexpected since Lee et ai. (1991 . ibid.) had shown 
that S396 (the center of a KSP motif) was phosphorylated in tau from paired.helical filaments. Thus S396 must become 
phosphorylated during the second or third stages of phosphorylation, concomitant with the immunoreactivity (Fig. 8b). 
[01 07] Several point mutants were generated according to standard procedures to find out which site(s) were respon- 
sible for the initial M r shift When ser404 was turned into ala the M r shift during the first stage disappeared, whereas it 
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remained visible whenser199. 202. 235. or 396 were mutated. This means that the phosphorylation of ser404 accounts 
for the one P, present in the upper band of Fig. 7a or 8a. The additional -IP, present after 2 hours • d.stnbuted among 
serines 202, 235, and 404. 

[01081 Whereas the results on the "shift site" S404 of tau are clear cut the factors responsible for the icf 
microtobule binding are more complex. The S404-A mutant binds to microtubules similarly as me parent htau34.aft« 
90rnin of phosphorylation the stoichiometry decreases about 2-fold, i.e. less than the factor of 3 observed ^fjj^" 
entmolecule.7s4u4 were the only residue whose phosphorylation was responsible for ,ne to ^'^' e re b '^ 
we would not expect any decrease in the mutant The tact that a decrease is observed mear« that other factors play a 
Tote as wen- these factors are presumably related to the incorporation of more than one P, at one or more of the otoer 
Sesb^^^ 

be responsible for the hill decrease of affinity either. In fact point mutations at positions 202 or 235 show a am tar effect 
as toSd 404 Le. only a partial reduction of binding. One possible explanation is that different phosphorylation sites 
interact in a cooperative manner and generate a new confirmation. 

Example 7 Time course of phosphorylation as determined by stage specific antibodies 

[0109] Neurofilament sperifte antibodies SMI31. SMI34. SMI35 and SMB10 gfj^ 
SM.33 against a non-phosphorylated epitope [(Sternberger et at. Proc. Natl. Acad. Sc.. USA 82 (1985^ «J4-«76)] 
were used to detect stage specific phosphorylation of tau protein. SMI33 recognizes normal human bran tau (Fig. 12 
Ul) M does not reclgnlzTpHF "tau, except when i, is dephospnorylated Oane 4). This suggests that me epitope of 
SMI33 lis specifically blocked by some phosphorylation in the Nz ^rs^M^noX^m^b^^ 
SMI31 arc! SM134 both react in a conplementary fashion to SMI33: Only PHF tau is recognized (Fig. 12c and 1 2d. lane 
3) but not when it is dephosphorylated (lane 4). nor the normal tau control (lane 1). 
?<K Th e t ^ 

tivlty during the second stage of phosphorylation (see Fig. 7). 

Si] fir antibody SMibl no reactivrty is observed with the unphosphorylated protein (tne 0) or dunng the M 
Lge but the reactivity appears gradually during the second stage and ^* 
course is found with antibody SMI34 (Rg. 13c and compare Rg 12d lane 3). SMtSS. are ISMI31C >W*f£ 
comparison the btots with ATS (Rg. 13f), a phosphorylation sensitive Alzheimer 

Biol 101 f 1985) 1371-1379 are included) andTAUI. an antibody against dephosphorylated tau. ATB reacts similarly to 
it is the stage 2 phosphorylation that determines the antibody response. 

[0112] These experiments could be interpreted by assuming that the antibodies react with he same won ot tau m 
a dephosphorylated or phosphorylated form; but this assumption is too simple, as shown later. Two otha features 
shoX pointed out. however: One is that the largest gel shift (stage 1 ) is not the one that causes ta^M 
^reactivity (appearing in stage 2). Thus not every gel shift of tau is diagnostic of the Alzheimer state, although 
coTeraely theAlzhTmer state always shows a gel shift. Secondly, there is a surprisingly precise relatonshp between 
gel shift, phosphorylation, and immunoreactivity with several different antibod.es. 

[01 1 3] The major phosphorylated motifs of neurofilaments are repeated sequences of the type KSPV where S fi the 
phosphate acceptor; see eg. Geisler et al., FEBS tett. 221 (1987). 403-407. Tau has one such motif, centered at S396^ 
anSer KS* motif is catered at S235. The two KSP sites lie on either side of ««««^ 
Tn all tau isoforms By analogy one may suspect that these sites are involved in the reaction with the SM artibod.es that 
wera «iSC^n32ments. We tested this in three ways, by mutating one or two of the serines, by malang 
smaller tau constructs, and by direct sequencing of tryptic peptides. 

[0114] Constructs K10, K17. and K19 were examined before or after phosphorylation with the kmase (Fig. 14a) K10 
and K17 show an M r shift, but not K19. Note also that K10 and K17 are only partly converted to h «« ^ Wr **" 
Ws experiment, indicating that their phosphorylation is less efficient. K10 shows tnree shrft^ bands^ MM 
thereTre three phosphorylation sites in the C-terminal region. K1 7 shows only one shrfted band sothat there * only 
one shift-inducing site in the region before the repeats. Fig. 14b-d.shcw the immunoblots wrth SMI33 SM 31 and 
S^isl the data on SMI35 and SMI310 are similar to SMI31 (not shown). Antibody SMI33 reacts only wrth K17 in the 
dephiphorylated state, but not with K10 and K19 (Fig. 14, lane 3). Thte suggests that toe epitope is in a region before 
thTrepTats. between S198 and 0244. oulside O^e sequences covered by toe 

with an epitope at the first KSP site. Antibody SMI31 reacts wrth K10 .n rts phosphorylated form, but m\ .M « K19 
(Fig. 14) Using similar arguments as before, the epitope is in the region T373-L441. consstenl with toe second KSP 
2 Finally antibody SMI34 labels htau23. K 10 and K17, but not K19 (Rg. 14c). The latter property would argue 
aoainsTthe repeat region as an epitope, but the remaining reaction with K1 0 and K17 would seem mutually exclusive 
STmte pre toSns i^that SM.34 has a conformational epitope that depends on tails on either side of the repeats and 
Scome 2y stabilized only when at least one tail is present. However, the phosphorylation dependence « .n each 
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case the same as that of the intact molecule. 

[0115] Since it was suspected that the two KSP motifs were phosphoryiated by the kinase, it was tried to prove this 
directly. Radioactively labeled tryptic peptides of htau34 were identified by HPLC and protein sequencing, and phos- 
phoryiated residues were determined. There are two major phosphoryiated tryptic peptides in these regions; peptide 1 
5 (T231-K240, TPPKSpPSSAK) contains the first KSP motif, phosphoryiated at S235, peptide 2 (T386-R406. TDH- 
GAEIVYKSpP VVSGDTSpPR) contains the second KSP site, phosphoryiated at S396 and S404. S41 6, the single phos- 
phorylation site of CaM kinase described earlier (Steiner et al. EM BO J. 9 (1990), 3539-3544, S405 in the numbering 
of htau 23 used earlier) is not phosphoryiated by the kinase used here. 

[01 1 6] Next point mutants of the phosphoryiated residues 235 and 396 (Rg. 1 5) were made and analysed in terms 
10 oi gel shift and antibody reactivity (Fig. 16). The parent protein htau40 and its KAP mutants have nearly identical M r 
values, and they all shift by the same amount after phosphorylation (Fig. 16, lanes 1-8). The reactivity of SMI33 is 
strongly reduced when S235 is mutated to A (Fig. 16, lanes 3, 7) and obliterated after phosphorylation (Rg. 16. lanes 
2. 4, 6, 8). This means that the epitope of SMI33 is around the f irst KSP site, but phosphorylation at other sites have an 
influence as well (perhaps via a conformation). The mutation at S396 (second KSP site) has no noticeable influence on 
75 the SMI33 staining (Fig. 16b, lanes 5, 6). 

[0117] As mentioned above, the epitope of SMI31 depends on the phosphorylation of sites behind the repeat region. 
When S396 is mutated to Ala the antibody still reacts in phosphorylation dependent manner so that this serine is not 
responsible for the epitope by itself (Rg. 1 6c, lane 6). Mutation S404 to Ala yields the same result. However, if both ser- 
ines are mutated, the antfoody no longer reacts upon phosphorylation (not shown). This means that the epitope 
20 includes the two phosphoryiated serines. The binding of this antibody also has a conformational component: constructs 
with only one repeat (K13-K15) are not recognized (Fig. 17, lanes 10, 12, 14). 

[0118] SMI34 shows the most complex behavior because its reactivity depends on phosphorylation sites belore and 
after the repeat region. This antibody recognizes all KAP mutats, so that S235 and S396 cannot play a major role. How- 
ever, the fact that SM134 recognizes phosphoryiated K17, K10, but not K19 (Rg. 17) suggests that the regions before 

25 and/or behind the repeats must cooperate with the repeats to generate the epitope. One possibility would be that the 
epitope is non-contiguous, another one is that it may depend on the number and conformation of the repeats. In order 
to check these possibilities constructs with different combinations of two repeats (K5, K6, K7, Rg. 18), and constructs 
with one repeat only (K1 3, K1 4, K1 5) were done. AH of these showed a shift upon phosphorylation, and all of them were 
recognized by SMI34 (the reaction is less pronounced when the third repeat is absent, indicating that this repeat is par- 

so ticularty important for the conformation, Fig. 1 7, lane 6). This means that the epitope of SMI34 does not depend on the 
number of repeats. However, the nature of the region just before the repeats seems to be important and in particular 
sensitive to charges. This can be deduced from constructs such as K2 or K3M where charged sequences have been 
brought close to the repeat region, resulting in a loss of SMI34 reactivity. In other words, it seems as if the charged 
sequences are capable of masking the epitope, independently of the phosphorylation itself (Fig. 17, lanes 2. 4). The 

35 interactions between the constructs and the antibodies are summarized in Table 1 . 

Example 8 

[0119] Cloning and expression of tau constructs: PlasmkJ preparations and cloning procedures were performed 
40 according to Sambrook et al. PCR amplifications were carried out using Taq polymerase as specified by the manufac- 
turer (PerWn Elmer Cetus) and a DNA TRIO-Thermoblock (Biometra). 

[0120] Tau cDN A clones and their constructs were subcloned into the expression vector pNG2 (a derivative of pET- 
3b. Studier et al., modified in the laboratory by removal of Pstt, Hindlll, Nhel and EcoRV restriction sites for convenient 
engineering of the tau clones), or in expression veclor pET-3a. For the expression, the BL21 (DE3) E.coli system was 
45 used (Studier et al.). All residue numbers refer to the sequence of htau40, the largest of the human isoforms (441 res- 
idues, Goedert et al.)- For the isolation of the constructs the heat stability of the protein was used; they were separated 
by FPLC Mono S (Pharmacia) chromatography (for details see Hagestedt et al.). 

[0121] Construction of T8R-1: This is a tau derivative containing 8 repeats. It was constructed on the basis of the 
bovine tau4 isoform (Himmler et al.). Two ptasmids, pETNde43-12 (containing the btau4 gene) and pET-KO (containing 

so K0 which consists mainly of the four repeats plus leading and trailing sequences from the vector, Steiner et al.) were 
used for the construction of T8R-1 . The Ndel-Rsal DNA fragment from btau4 was connected with "fined in" Xmal-BamHI 
fragment of K0 leading to chimeric molecule consisting of 553 amino acids. The T8R-1 gene encodes Met1-Bal393 con- 
nected through the artificially introduced Ser residue with the Gly248-Tyr394 tau fragment, followed by a 23 residue tail 
from the bacteriophage T7 sequence (htau40 numbering). 

55 [0122] Construction of T7R-2 and T8R-2: T7R-2 is a tau derivative containing 7 repeats, T8R-2 contains 8 repeats. 
Both molecules were constructed on the basis of the human htau23 and htau24 isoforms (Goedert et al.). For the engi- 
neering of the T7R-2 and T8R-2 molecules, PCR repeat cassettes A1 (encoding 4 repeats), A2 (encoding the whole 
carboxy part of the tau24 molecule including the four repeat sequence and the tau sequence behind them) and A3 
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(encoding 3 repeals) were prepared. The T8R-2 molecule was generated by combination of A1 and A2 with Ndel-Pstl 
DNA fragment isolated from htau23. This tau derivative consists of 51 1 amino acids, the first 31 1 N-terminal residues 
of htau24 (Met1-Lys369. containing 4 repeats), followed by Giy-Thr link, then by 198 residues of the C-terminus of 
htau24 (Gln244-Leu441 , four more repeats). The T7R-2 gene was generated similarly to T8R-2 but the A3 cassette was 
5 used instead of A1 . The T7R-2 protein consists of 480 amino acids, the first 280 N-terminal residues of htau23 (Met1 - 
Lys369, including 3 repeats), followed by Gly-Thr link, then by 198 residues of the carboxy terminal part of htau 24 
(gln244-Leu441. containing 4 repeats, htau40 numbering). 

Example 9 Conformation of tau protein and higher order structures thereof 

10 

(a) Conformation and dlmerization of tau constructs 

[0123] Fig. 19 illustrates the types of constructs used in this example. Three types of molecules were used: (0 tau 
isoforms occurring in brain ranging from htau23 (the smallest isoform, 352 residues) to htau40 (the largest 441 residue, 

is see Goedert et al.). They differ mainly by the number of internal repeats in the C-terminal domain (3 or 4) and the 
number of inserts near the N-terminus (0, 1. or 2). The internal repeats are involved in microtubule binding and in the 
formation of paired helical filaments; attention was then focused on the those constructs which would presumably yield 
information on the structure of the repeat region; (ii) engineered constructs with an increased number of repeats, e.g. 
seven or eight (T7, T8); (iii) constructs containing essentially the repeats only (e.g. K1 1 , K12). 

20 [0124] The SDS gels of Fig. 20 illustrate some of these proteins. Most tau constructs have M r values larger than 
expected from their actual mass (Fig. 20a). A notable feature is the tendency to form dimers and oligomers. This is par- 
ticularly pronounced with some constructs, for example K12 (Fig. 20b). The formation of dimers can already be 
observed by letting the protein stand for some time (Rg. 20b, lane 2), presumably because the dimers become fixed by 
a disulfide bridge; this can be prevented by DTT (lane 1). To test this, the cross-linker PDM which predominantly links 

25 cysteines was used. This generates essentially the same products as in the absence of DTT (lane 3). Chemical cross- 
linking for construct K12 (2-5 mg/ml) was carried out by incubation in 40 mM HEPES pH 7.5 with 0.5 mM DDT for 30 
min at 37°C and followed by reaction for 30 min at room temperature with 0.7 mM PDM (Sigma) or 1 .5 mM MBS (Pierce) 
added from freshly prepared stock solutions in DMSO. The reactions were quenched by addition with 5 mM DTT or 5 
mM DTT and 5 mM ethanoiamine, respectively. Finally, dimers and higher oligomers can also be generated by MBS, 

30 which links cysteines and lysines (lane 4). The cross-linked species can be separated by chromatography on a Super- 
ose 12 column (Fig. 20c), allowing the study of a homogeneous population of dimers. For this purpose, the covalently 
cross-linked dimers were separated from the monomers by gel filtration on a Pharmacia Superose 12 FPLC column 
equilibrated and eluted with 50 mM Tris-HCL pH 7.6 containing 0.5 M NaSCN, 0.5 M Lid and 2 mM DTT operated at a 
flow rate of 0.3 ml/min. Column fractions were analysed by SDS- PAGE, pooled and concentrated by centrifugation 

35 through centricon 3 microconcentrators (Amicon). The column was calibrated with the proteins from the Pharmacia low 
molecular weight gel filtration calibration kit Effective hydrated Stokes radii (r) of the calibration proteins were taken 
from the kit's instruction manual and partition coefficients (o) were determined from the elution volumes and fitted to an 
equation of the form a * - A log r + B , yielding the Stokes radii for the tau construct monomers and dimers. The axial 
ratios were calculated following Perrin (for further details, see Cantor & Schimmel, Biophysical chemistry, Part II: Tech- 

40 niques for the study of biological structure and function. Freeman & Co, San Francisco, 1980) The elution profile (Rg. 
20d) yields Stokes radii of 2.5 nm for the monomer of K12, and 3.0 nm for the dimer. Given the molecular weights of 13 
and 26 kDal this yields axial ratios of 10 and 8, consistent with the rod-like shape observed by electron microscopy (the 
equivalent lengths of prolate ellipsoids would be 6.8 and 8.5 nm which underestimates the actual lengths; see below). 
Other tau species show similar cross-linking results, but they are somewhat more complex for the following reason: Tau 

45 has cysteines only in repeats 2 and 3 (residues Cys291 and Cys322). Repeat 2 is absent from some isoforms, for 
example htau 23 or construct K12, leaving only the lone Cys322. With Cys-Cys cross-linkers such as PDM, these mol- 
ecules can only form dimers, but no higher aggregates (Rg. 20b. lane 3). In contrast, bivalent molecules with two 
cysteines (such as htau40, K1 1) can form intramolecular cross-links, dimers and higher oligomers. This diversity is sim- 
ilar to what is found after cross-linking K12 with MBS (Rg, 20b, lane 4) because tau contains many lysines. 

so [0125] The conformation of several tau constructs in solution was probed by analytical ultracentrifugation and CD 
spectroscopy according to standard procedures. For example. htau40 had a sedimentation constant of 2.6S on the mix- 
ture of tau from brain. For a globular particle of the mass of htau40 (45.8 kDal) one would expect «4.2S; the lower 
observed value indicates an elongated structure with a hydrodynamic axial ratio of »15. The CD spectra of htau40 and 
construct K12 (Rg. 20e) were indistinguishable; they showed very little secondary structure. This means that both the 

55 N-terminal and C-terminal domains of tau lack internal regularity such a cz-helix or p-sheet. 
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(b) Synthetic paired helical filaments. 

[0126J Tau isolated from brain tissue can self-assemble into fibrous structures (see e.g. Montejo de Garcini & Avila. 
J. Biochem. 102 (1987), 1415-1421; Uchtenberg-Kraag & Mandelkow, J. Struct. Biol. 105(1990), 46-53). This property 

5 became particularly interesting in view of the fact that tau is one of the main components of the neurofibrillary tangles 
of Alzheimer's disease. In the earlier studies the relationship of the filaments formed in vitro to the Alzheimer PHFs 
remained ambiguous. especially since the protein was heterogeneous. It was therefore desirable to check if recom- 
binant tau constructs were capable of self-assembly. This was tested in a variety of conditions of pH, salt buffer type, 
etc. TypicaDy, solutions of tau constructs or chemically cross-linked dimers were dialyzed against various buffers (e.g. 

10 » 50-500 mM MES, Tris-HCI, Tris-maleate, pH values 5-9. 5-30 mM MgCfe. CaC! 2 , AICI 3 ) for 12-24 hours at 4°C. The 
solution was briefly centrifuged (Heraeus Biofuge A, 1 min, 10.000 g) and the pellet was stored for several days at 4°C 
and then processed for negative stain electron microscopy (2% uranyl acetate or 1% phosphotungstic acid). Alterna- 
tively the solution was used for grid dialysis on gold grids following Van Bruggen et al., J. Microsc. 141 (1986), 1 1-20. 
Of the constructs tested only K1 1 and K12 yielded filaments resembling PHFs. The optimal conditions were 0.3-0.5 M 

is Tris-HCI and pH 5.0-5.5. and without any additional salts. The results obtained with construct K1 2 are illustrated in Fig. 
21 . In the pH range of 5.0-5.5 there was extensive formation of filaments. Their length was variable, but typically in the 
range of 200-1 000 nm. Most appeared rather smooth, others showed a regular variation of width, with axial periodicities 
around 70-75 nm (arrowheads). The minimum diameter was about 8 nm and the maximum around 15 nm. Short rod- 
like particles, about 80-150 nm in length were also observed, which appeared to represent just one or two crossover 

20 periods of the f Raiments (Fig. 21 , middle). It was not possible to discern reliably any axial fine structure that might indi- 
cate an arrangement of protein subunits. This was therefore either below the resolution limit of negative stain, and/or 
due to lack of contrast. In general the filaments tended to be bundled up in clusters, as rf they had a high affinity for one 
another (Fig. 21a). Similar PHF-like filaments were also obtained with K1 2 dimers cross-linked with PDM (Fig. 22). This 
suggests that the dimer might be an intermediate stage in filament assembly. 

25 [01 27] Many of these features are similar to those of paired helical filaments isolated from Alzheimer's disease brains, 
shown for comparison in Fig. 23. Their appearance depends somewhat on the isolation procedure. Fig. 5a shows 
"insoluble" filaments prepared from neurofibrillary tangles after Wischik et al., J. Cell Biol. 100 (1985). 1905-1912. 
These filaments are long, straight, and have a homogeneous uttrastructure characterized by the distinct «75 nm repeat. 
By contrast, when the filaments are "solubilizecT by sarkosyl following Greenberg & Davies, Proc. Natl. Acad. Set. USA 

30 63 (1990), 5827-5831 , they are shorter and less homogeneous (Fig. 23b). In particular, this preparation includes very 
short particles (equivalent to about 1-2 crossover periods), and smooth filaments that do not have the twisted appear- 
ance (reminiscent of straight filaments). There is a striking similarity between the synthetic PHFs based on the repeat 
domain (e.g. K1 1 , K1 2, K12 dimers, Rg. 21 , 22) with the soluble PHFs from Alzheimer brains (Fig. 23b), judged by three 
different criteria: (i) The filaments are shorter than the insoluble PHFs of Fig. 23a; (ii) they are less homogeneous in 

35 their periodicity, and some lack the twisted appearance altogether (straight filaments), (iii) they include very short rod- 
like particles, down to the length of one crossover period. 

[0128] Thus far. synthetic PHF-like fibers have only been observed with constructs such as K12 and K1 1 containing 
essentially the repeat domain (3 or 4 repeats, Rg. 19), but not with larger tau isoforms. These data are all consistent 
with the assumption that the repeat domain is the basic unit that is capable of self-assembling into PHFs very similar to 
40 those of Alzheimer neurofibrillary tangles. This also agrees with experiments in several laboratories showing that the 
pronase-resistant core of Alzheimer PHFs contains the repeat region (e.g. Goedert et al., ibid., Jakes et al., EM BO J. 
1 0 (1 99 1 ). 2725-2729). It was also noted that the filament-forming constructs were not phosphoryiated so that this does 
not in contrast to the genuine Alzheimer PHF. play a role in self-assembly here. 

45 (c) Electron microscopy of tau monomers and dimers. 

[0129] The results on the synthetic PHFs suggested that the repeat region had a special role in the interaction 
between tau molecules. It was therefore desirable to define their structure in more detail by comparing different con- 
structs in the electron microscope. The method of choice was metal shadowing at a very shallow angle, combined with 

so glycerol spraying; this helps to make the particles visible which otherwise would not be seen because of their low con- 
trast. Spraying was done following Tyler & Branton. J. Ultrastruct Res. 71 (1980), 95-102. The samples were diluted 
1:10 in spraying buffer (50 mM ammonium acetate pH 8.0, 150 mM NaCI, 1 mM MgCI 2 , 0.1 mM EGTA), made up to 
70% glycerol and sprayed onto freshly cleaved mica. The sprayed samples were vacuum dried for 2 hours, shadowed 
with platinum/carbon (thickness about 1 .5 nm, shadowing angle 4°) using a BAE 080T shadowing unit (Balzers Union), 

55 followed by 20-30 nm carbon. Rnally the replicas were floated off on doubly distilled water and picked up with 600 mesh 
copper grids. 

[0130] Molecules of htau23 (352 residues, Fig. 24a) are rod-like and have a mean length of 35 ± 7 nm (lengths sum- 
marized in Table 2 and Rg. 25). This value is less than that reported by Hirokawa et al., J. Cell Biol. 107 (1988), 1449- 
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1459, but this might be due to differences in the experimental approach (freezing vs. glycerol spraying; a mixture of at! 
isoforms vs. the smallest isoform). The apparent width of the metal shadowed htau23 molecules is about 3-5 nm, and 
the contrast is low - much less than that of control samples (single and double stranded DNA, a-helicat proteins). Care- 
ful inspection of the micrographs reveals a population of particles with enhanced contrast, somewhat larger diameter 
5 (5*7 nm), sometimes split into two parts, and lengths similar or slightly more than the monomer (around 40 nm). These 
particles are interpreted as (nearly) juxtaposed monomers forming dimers (Fig. 24b). consistent with the results on 
cross-linked dimers and antibody decoration shown later. 

[0131] Clearly longer particles are obtained with the construct T8R-1 which average 58 ± 15 nm, 23 nm more than 
htau23 (Fig. 24c, 25b). This construct contains eight repeats (a duplication of the four basic ones. Fig. 19), that is five 

10 repeats more than htau23, plus the two 29-mer inserts near the N-terminus. T8R-2 has a similar length (61 ± 17 nm), 
even though it lacks the N-terminal inserts. Construct T7R-2 also has a similar length of 60 ± 16 nm, even though it has 
only seven repeats (3+4) and no N-terminal inserts. At first sight these results appear puzzling: On the one hand, larger 
constructs become longer, but on the other hand certain parts of the sequence do not affect the length. Anticipating the 
results below, the contradiction can be explained by a unifying hypothesis: The length of the tau constructs is deter- 

15 mined mainly by the repeat region; by comparison, the 

[0132] N-terminal domain and the C-terminal tail are only of minor influence. The repeat region itself must be consid- 
ered a unit roughly 20-25 nm long, whose length is approximately independent of the second repeat. Tile hypothesis 
irrplies that the N-terminal inserts have only a minor influence on the length. It predicts that constructs with 3 or 4 
repeats have roughly the same length (e.g. T7R vs. T8R). and that the addition of one repeat domain adds about 20- 

20 25 nm in length (as in htau23 vs. T7R or T8R). 

[01 33] T8R and other constructs also form particles folded into a hairpin (Fig. 24d) , as if the two "units" (of four repeats 
each in this case) could interact; this is suggestive of an antiparallel arrangement, supporting the antibody data 
described infra T8R particles were also observed whose width and contrast indicate dimers similar to htau23 (Fig. 
24e). 

25 [01 34] As in the previous cases, the repeat domain constructs that form the PHF-like fibers formed by K1 1 and K1 2 
descrtoed above (Fig. 26) are rod-like. Using the criteria of thickness or contrast and the comparison with the dimers, 
K1 1 displays a population of low contrast monomers with a mean length of 26 ± 5 nm (Fig. 26a), and a population of 
more contrasty dimers, about 32 ± 6 nm (Fig. 26b). This means that the two molecules must be juxtaposed for most of 
their length. For K12, monomers of length 25 ± 4 nm, (Fig. 26d), and dimers of about 30 ± 4 nm (Fig. 26e) are found. 

30 The monomers have about 70-75% of the length of htau23. although they contain only a third of the residues (Fig. 25c, 
e). With both constructs, longer particles are found which are interpreted as dimers associated into tetramers (Fig. 26c, 

[01 35] Thus far the classification into monomers and dimers was judged by relating the width and contrast of the par- 
tides to model structures. However, it is possible to isolate the covalently cross-linked dimers by gel chromatography 

35 and study them directly by electron microscopy and other methods. As an example, dimers of K12 cross-linked by PDM 
via the single Cys322 (Fig. 27a) are shown. In the electron microscope, their contrast is similar to the dimers described 
above; but more importantly, they are only slightly longer than the monomers (29 ± 6 nm Fig. 27a, Fig. 25e, g). This 
means that the PDM dimers are formed by two molecules lying next to one another and nearly in register. The dimers 
of K1 2 induced by MBS (34 ± 6 nm) are also similar, except that they tend to be somewhat longer (by * 5 nm) than those 

40 obtained with PDM, probably because a greater variety of Cys-Lys bonds are possible (Fig. 27b, 25h). 

[01 36] Taken together, the results obtained with K1 1 and K1 2 (and other constructs containing essentially the repeat 
domain) are consistent with the hypothesis that the repeat domain forms a folding unit of rather uniform length, inde- 
pendently of whether it contains 3 or 4 repeats. 

[01 37] For all constructs tested, the glycerol spray experiments show a certain tendency to form fibrous structures. In 
45 most cases, they are rather uniform in diameter, they show no obvious relationship to paired helical filaments and may 
result from a distinct pathway of self-assembly. 

(d) Antiparallel alignment of dimers 

so [01 38] It is clear from the above data that tau and its constructs tend to align laterally into dimers. This raised the ques- 
tion of polarity: Are the particles parallel or antiparallel? First indications came from the hairpin fold observed with the 
8-repeat constructs (e.g. Fig. 24d), suggesting antiparallel orientations of the two halves. Direct evidence for this was 
obtained by labeling with the monoclonal antibody 2-4 whose epitope is on the last repeat and therefore close to the C- 
terminusin terms of the sequence (Dingus et al., J. Biol. Chem.266 (1991). 18854-18860). Fig. 28a (left) shows parti- 

55 cles of htau23 with one antibody molecule bound. The antibodies bind at or near one end, showing that one of the phys- 
ical ends of the rod coincides roughly with the C-terminus. The lengths of the rod portions shown are similar to those of 
unlabeled htau23 ; in terms of apparent width, they could be monomers or dimers. In the same fields, one also finds dou- 
bly labeled particles (Fig. 28a, right). The antibodies bind at opposite ends, proving that the two subunits of a dimer 



25 



EP0 909 814 A2 



have opposite polarities. 

[0139] The same features are found with construct K12; rodlike stubs with an antibody at one end (Fig. 28b, left); 
dumb-bells, i.e. antiparallel dimers (Rg. 28b, middle). Finally, there are particles with two antibodies and two stubs, with 
a kink in the middle (pairs of "cherries. " Rg. 28b, right). Each of the arms has roughly the length of a unit stub so that 
5 the particles appear equivalent to the tetramers of Fig. 26c and f. The interaction between the dimers at the center 
appears to prevent the binding of an antibody which could otherwise be expected there. 

[0140] PDM dimers of construct K12 (formed by Cys322-Cys322 crosslinks) are shown in Fig. 28c. Particles with one 
antibody label are on the left, doubly labeled ones in the middle, showing that the chemically crosslinked dimer consists 
of antiparallel monomer. A presumptive tetramer is on the right Essentially the same data are obtained with MBS 
10 crosslinked dimers (Cys322 to nearby Lys, Rg. 28d). 

[0141] Based on the knowledge described in this Example, in vitro methods for testing drugs effective in dissolving 
Alzheimer paired helical filaments as for testing drugs effective in the reduction or prevention of the formation of Alzhe- 
imer paired helical filaments may be developed, as is described above. 

75 Example 10 Effect of glycogen synthase Wnase-3 (GSK-3) and cdk2-cycfin A on phosporylation of the tau protein. 

[0142] Experiments described in Examples 4 and 5 were repeated using GSK3 (also referred to as phosphatase acti- 
vating factor F A , Vandenheede et aJ. ( J. Biol. Chem. 255(1980), 11768-11774) as the phosphorylating enzyme. 
[0143] GSK3 (a and p isoforms) were purified from bovine brain as described in Vandenheede et al., ibid., with an 
20 additional Mono S chromatography step which separates the two isoforms. Most experiments described here were 
done with immunoprecipitates of GSK-a on TSK beads (following Van Lint et al., Analyt Biochem. 1993, in press), but 
control experiments with the J5 subunits showed the same behavior. 

[0144] Polyclonal anti-peptide antibodies to the a and p isoforms of GSK3 were raised in rabbits and affinity purified 
on peptide columns. Immunoprecipitates of GSK3 were prepared from PC-12 cytosols in 20 mM Tris-HCI, 1% NP-40. 

25 1 mM PMSF, 2 ug/ml aprotinin, 1 ug/ml leupeptin and 0.2 jig/ml pepstatin. 100 ui of cytosols were incubated with 1 ui 
of a- or p-GSK antibodies (1 mg/ml) or control rabbit antfcodies and incubated for 4 h at 4°C, 5 ul of TSK-protein A 
beads were added and incubated for another hour, and finally the beads were washed with 1 0 mg/ml BSA in 20 mM 
Tris-HCI, 0.5 M LiCI in Tris buffer, and 20 mM Hepes pH 7.2 with 10 mM MgCI 2 and 1 mM DTT. In phosphorylation 
assays, 2 jil of pellets were incubated with 8 *il of substrate (3 uM) in 40 mM Hepes pH 7.2, 10 mM MgCI 2 . 2 mM ATP, 

30 2 mM EGTA, 0.5 mM DTT and 1 mM PMSF. 

(a) Time course of phosphorylation and antibody response induced By GSK3 

[0145] Rg. 29 shows a time course of phosphorylation of htau40 with GSK3, and the corresponding autoradiogram 
35 and immunoblots. In most respects the behavior is similar to that obtained with the brain kinase activity or with purified 
MAP kinase. Phosphorylation induces a gel shift in three main stages; it incorporates «4 P^ it induces the reactivity of 
antibodies AT8, SMI34, and SMI31 , but reduces the reactivity of TAU1 and SMI33. 

(b) Phosphorylation sites of GSK3 on tau 

40 

[0146] The main phosphorylation sites can be determined from antibody epitopes and point mutants (Rg. 29). TAU1 
requires that both Sen 99 and Ser202 are unphosphorylated. AT8 requires them both phosphorylated. Thus when only 
one of the two serines is phorphorylated these antibodies do not react This means that Ser199 and Ser202 both 
become phosphorylated during stage 2 (Fig. 29, panels 3,4). Similarly, antibody SMI31 requires the phosphorylation of 

45 both Ser396 and Ser404, which means that both serines become phosphorylated rapidly during stage 1 (Fig. 29, panel 
6). SM133 reacts only when Ser235 is unphosphorylated so that the gradual loss of reactivity means that this residue 
becomes phosphorylated only slowly (panel 7). Together these residues would account for 5 Pi, but only «4 Pi were 
observed by autoradiography, indicating that not all of these serines are phosphorylated at 100%. There are some sub- 
tle differences in the time course of immune response, compared to MAP kinase. For example, the SMI31 reactivity sets 

so in early and precedes that of ATS and SMI34, while the reactivity of SMI33 persists for a longer time, indicating that the 
mode of action of GSK3 is not identical to that of MAP kinase. 

[0147] Additional information can be obtained by point mutations. As shown in Examples 5 and 6, the initial strong 
mobility shift induced by the kinase activity from brain extracts and by MAP kinase is due to the phosphorylation of 
Ser404. The same is true for GSK3, as illustrated in Rg. 30 (lanes 1-3). When Ser404 is mutated into Ala, the initial 
55 rapid shift disappears, and initial phosphorylation is reduced to a low level (Fig. 30, compare lanes 2 and 5). 

[0148] Another conclusion from the immunoblots is that GSK3 strongly prefers Ser-Pro motifs, in contrast to MAP 
kinase which also affects Thr-Pro. This follows since the «4 Pi incorporated are needed to account for the phosphor- 
ylated epitopes. To test this construct AP1 1 was prepared, a derivative of htau23 where all 6 Ser-Pro are replaced with 
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Ala-Pro (Fig. 31 . middle). AP1 1 is phosphorylated only to a minimal extent. <0.1 Pi per molecule, confirming that the 
Thr-Pro motifs remain largely unphosphorylated. The same result is obtained with construct AP17 (afl 6 Ser-Pro and 8 
Thr-Pro replaced by Ala-Pro. Rg, 31, top). Another construct, K18 containing only the four repeats (Rg. 31, bottom), is 
also not phosphorylated, indicating that no major sites are within the microtubule binding region. Thus, GSK3 and MAP 
5 kinase are similar in that they are both proline directed, but MAP kinase is also active with respect to Thr-Pro motifs. 

(c) GSK3 and MAP kinase are associated with microtubules and with PHFs 

[01 49] Considering that tau is a microtubule-associated protein one might expect that kinases that phosphorytate tau 
10 might be localized in the vicinity. It was therefore tested whether MAP kinase or GSK3 were microtube-associated pro- 
teins according to the usual criterium of co-purrfication through repeated circles of assembly and disassembly. This was 
indeed the case. Rg. 32b shows that both the p42 and p44 isofdrms of MAP kinase co-purified with porcine brain micro- 
tubules, Fig. 32c.d demonstrates the same for the case of GSK3 a and p. Interestingly, the microtubule-associated MAP 
kinase was not in an activated state since it was not phosphorylated on Tyr (as judged by immunoblotting, not shown). 
is [01 50] Considering this result, rt was of interest to investigate whether the kinases were also associated with Alzhe- 
imer PHFs, The immunoblots of Rg. 33a demonstrate that GSK3 is present in normal and in Alzheimer brain in roughly 
equivalent amounts and thus resembles MAP kinase in this respect. Moreover, the kinases co-purify directly with PHFs 
isolated by two different procedures, following Wischik et al. , J. Cell. Biol. 1QQ (1 985), 1 905-1 91 2 (Rg. 33b, lane 1 ) and 
Wolozin et a!., Science 232 (1 986). 648-650 (lane 2). The fact that GSK3 is associated with microtubules and PHFs and 
20 phosphorylates tau would suggest that the kinase might be able to affect the interaction between tau and microtubules. 
This would be in agreement with a common notion about the pathological effects of tau phosphorylation. Surprisingly, 
however, there was no influence on the binding. Fig. 34 shows the binding of htau23 to microtubules without phospho- 
rylation, with phosphorylation by GSK3, and by the kinase activity of the brain extract. In the latter case, there is a strong 
reduction in affinity, but the effect of GSK3 itself is minimal. 

25 

(d) Phosphorylation of tau by cdk2-cyclin A 

[0151] The protein kinase cdk2-cyclin A (a prolinQ-directed ser/thr kinase; see Hunter, ibid.) induces the Alzheimer- 
like state, as judged by phosphorylation, gel shift and antibody response. The kinase cdk2 incorporated 3.5 Pi into 
30 htau40 and generated a similar shift in the gel as MAP kinase and GSK-3. The antibodies AT-8, SMI31 , SMI34 recog- 
nize the phosphorylated tau, TAU-1 and SMI33 do not. again similar to MAP kinase and GSK-3. Al! ser-pro motifs (Ser 
199. 202, 235. 396, 405, 422) can be phosphorylated to some extent; see Fig. 46. 

[0152] The preparation was as follows: Cells overproducing the cdk2/cyclin A complex were obtained by Dr. Piwnica 
Worms. Boston. 

35 [01 53] Cyclin A was fused to glutathione-S-transf erase. Thus, the complex is easily purified using glutathione agarose 
beads as outlined below: 

Kinase Assays on Glutathione Beads: 

40 [0154] 3 x 10 s cells were infected with viruses encoding human pZS^ 2 and human cyclin A (fused to glutathione-S- 
transferase) each at an m.o.i. of 10. At 40 hours post infection, cells were rinsed (2x) in PBS. Cells were frozen on plate 
at -70°C. (Cells are kept frozen until experiments are earned out.) 

Preparation of Cell Lysates: 

45 

[01 55] Lyse cells in 1 ml of the following buffer: 

50 mM Tris pH 7.4 
250 mM NaCI 
so 50 mM NaF 
10 mM NaPPi 
0.1%NP40 
10% glycerol 

protease inhibitors (0.15 units/ml aprotinin, 2 mM PMSF, 20 uM leupeptin) 

55 

[0156] Plates were rocked for 15 min at 4°C. lysates were collected, placed in Eppendorf tube and spun at 10K for 10 
min at 4°C. Clarified lysates were placed in fresh Eppendorf tube. 
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Glutathione Precipitation 

[01 57] 1 00 yd (50% slurry of agarose in PBS) of glutathione agarose (from Sigma) were added to the clarified lysate, 
rocked » 1 hour at 4°C and were spun briefly to pellet beads. Beads were washed two times in 1 ml of above lysis buffer 
5 and washed two times with incomplete kinase buffer (50 mM Trts pH 7.4. 10 mM MgCy. As much buffer as possible 
was removed from the beads after the final wash. 

For kinase assays: 

10 [01 58] Exogenous substrate was added and then complete kinase buffer was added: 

50 mM Tris. pH 7.4 
10mMMgCl 2 

1 mM DTT 

is 10 uM unlabeled ATP 

2 nJ of gamma 32 P-labelled ATP (NEN: 3000 Ci/mM) and incubated at 30°C for the desired amount of time. 

Example 11 Phosphorylation of Ser 262 of tau protein by a novel kinase and effect thereof on binding to microtubules 
by tau proteins 

20 

[0159] So far it has been shown that the Alzheimer-like state of tau protein includes phosphorylation of Ser-Pro and 
Thr-Pro motifs, and that trts state can be mimicked by a brain extract kinase activity and by MAP kinase, as judged by 
the response with Alzheimer-specific antibodies. As will be demonstrated in the following, a crucial regulation of tau's 
binding to microtubules occurs at Ser262, a residue phosphorylated by the brain extract activity but not by MAP kinase. 
25 A novel kinase from mammalian brain which phosphorylates this residue and thereby strongly reduces the interaction 
between microtubules and tau protein has furthermore been purified. 

[0160] Binding studies between tau and taxol-stabilized microtubules were done as described in Example 6 . This 
provides a direct measure of the attachment of tau to pre-formed microtubules and yields dissociation constants and 
binding stoichiometrics (n = tau bound /tubulin dimer ); the reduction in stoichiometry is the most conspicuous and repro- 

30 ducible parameter. The drop in stoichiometry in a wild type tau isoform upon phosphorylation, 
D n wt = ( n unphos" n phoJ wi • is tekfin as 1 00% and 030 be compared to the effect of phosphorylation on a mutant D nmut . 
[01 61 ] Preparation of the kinase from brain: An extract from 250 g of porcine brain tissue was prepared and submitted 
to ammonium sulfate precipitation as described in Example 2. The precipitate obtained between 30 and 45% saturation 
was homogenized in buffer 1 (25 mM Tris-HCI pH 7.4 containing 25 mM NaCI. 2 mM EGTA, 2 mM DTT, 1 mM PMSF) 

35 and dialyzed against 1 liter of this buffer with two changes overnight. Total protein concentration was determined using 
the Pierce BCA assay kit After clarification of the diafysate by urtracentrifugation, portions of up to 250 mg of protein 
were loaded on a Mono QHR 10/10 column (Pharmacia) equilibrated with buffer 1. Elution was performed with a linear 
gradient of 25-500 mM NaCI in 120 ml of buffer 1 with a flow rate of 2 ml/min. Fractions were screened by phosphoryla- 
tion of bacterially expressed tau and tau constructs as described below. Active peaks were pooled and concentrated 10 

40 to 40-fold by centrifugation through Centriprep 10 microconcentrators (Amicon) and chromatographed on a Superdex 
75 HiLoad 16/60 size exclusion column (Pharmacia) equilibrated and eluted with buffer 1 containing 50 mM NaCI. 
Active fractions were pooled and rechromatographed on a Mono Q HR 5/5 column with a gradient of 0-600 mM NaCI 
in 30 ml of buffer 1 with a flow rate of 0.5 ml/min. Active fractions were dialyzed against buffer 1 and stored at 0°C. The 
gel filtration column was calibrated with the Pharmacia low weight marker set. Phosphorylation assays were performed 

45 as described (Steiner et at, 1990, ibid.). 

[0162] In-gel assays of tau phosphorylation were done following Geahlen et at, Anal. Biochem. 152. (1986). 151-158. 
MonoQ-fractions with kinase activity were subjected to 11% SDS PAGE (0.5 mm thick slab gels). Tau protein was 
added to the separation gel solution just prior to polymerisation (final concentration 0.1 mg/ml). The following steps 
were then performed: (1) To remove SDS, the gels were washed with two changes of 20% propanol in 50 mM Tris-HCI 

so pH 8.0 for 30 min at room temperature, then 50 mM Tris-HCI pH 8.0 containing 5 mM p-mercaptoethanol (= buffer A) 
lor another 30 min at RT. (2) The enzyme was denatured by two changes of 6 M guanidine-HCL for 1 hour at room tem- 
perature (RT). (3) The enzyme was renatured by five changes of buffer A containing 0.04% Tween 40 for «15 hours at 
4°C. (4) Pre-incubation with phosphorylation buffer without ATP for 30 min at RT (40 mM Hepes pH 7.5, 5 mM EGTA, 
3 mM MgCI, 0.1 mM PMSF, 2 mM DTT). (5) Phosphorylation with added 0.1 mM ATP and 130 Ci/Mol (gamma-32)ATP 

55 was performed by incubation of the gel in a plastic bag at 37°C for 20 hours on a rotating wheel. (6) Removal of excess 
(gamma-32)ATP: The gel was washed by incubation in five changes of 300-500 ml of 5% TCA containing 1% sodiumpy- 
rophosphate until unbound radioactivity was negligible. (7) Staining and autoradiography were done according to con- 
ventional methods. 
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(a) Phosphorylation ol Ser262 strongly reduces the binding of tau to microtubules 

[01 63] As shown in Exampe 6, when tau protein is phosphorytated by the brain extract kinase activity, the stoichiom- 
etry typically dropped from *0.5 tau per tubulin dimer down to «0.1-0.15, i.e. about 3-4-fold; this effect on the wild type 
protein will be taken as 100% in this Example. The parameters affected by phosphorylation have distinct time courses. 
A major part of the gel shift occurs early (stage 1 phosphorylation, up to *2 hours) and can be ascribed to a single site. 
Ser 404 (numbering of htau40). Most of the Alzheimer-like antibody response, as well as an additional gel shift, sets in 
during stage 2 (up to *6 hours); a further shift combined with more incorporation of phosphate occurs during stage 
three (up to 24 hours). However, the effect on microtubule binding was already fully visible after stage 1. At this point, 
the protein bound about two moles of P, (out of a maximum of *5-6). About one of these was at Ser404, identifiable by 
the first gel shift. The other phosphate was distributed among Ser202. 235. and 262, but exact quantification by auto- 
radiograpghy and phosphopeptide sequencing was difficult 

[01 64] It was therefore decided to approach the problem by site-directed mutagenesis. The Ser residues in question 
were replaced by Ala (making them non-phosphorylatable) or Asp (mimicking the negative charge of the phosphor- 
ylated state- see Fig. 35a). These mutants were then assayed with respect to gel shift, phosphate incorporation, and 
microtubule "binding (Fig. 35b). The mutant Ser404-Ala loses its shift during stage t phosphorylation, but the phospho- 
rylation of this protein still has a sizable effect in reducing the microtubule binding capacity (difference in stoichiometry 
D n = 0.17, i.e. 52% of the unmutated control with D n = 0.33). This suggests that one or more of the remaining Ser202, 
235 and 262 are responsible for a major fraction of the phosphorylation effect on binding. Similar results are obtained 
when Ser202 235, and 396 are mutated into Ala or Asp. indicating that neither of these residues accounts for the low 
stoichiometry after phosphorylation observed with wild type htau23. However, when Ser262 was altered, the binding to 
microtubules was nearly unaffected by phosphorylation (D n = 0.04). In other words, it appears that mutating one resi- 
due. Ser262 in the first repeat, nearly eliminates the phosphorylation sensitivity of tau towards microtubule binding; or 
conversely, phosphorylation of Ser262 reduces the binding of tau to microtubules dramatically. 

(b) MAP kinase induces the Alzheimer-like Immune response of tau but does not impair microtubule binding 

[01 65] The binding data in section (a) were obtained with a brain extract, but most of the properties of extract phos- 
phorylation could be induced by purified MAP kinase from Xenopus oocytes or porcine brain. Extract and MAP kinase 
induce a gel shift, they have a similar time course of phosphorylation, and both induce a similar pattern of antibody 
responses (including the onset of the "Alzheimer-like" response in stage 2 phosphorylation). The majority of sites found 
with the extract are in Ser-Pro motifs; all of them are phosphorylated by MAP kinase as well, plus Thr-Pro motifs, i.e. 
purified MAP kinase is more efficient as a Pro-directed SeryThr kinase than the brain extract. Finally. MAP kinase is a 
major phosphorylating component in the brain extracts. 

[0166] However, when the effect of highly purified MAP kinase on tau's microtubule binding was tested it turned out 
to be surprisingly small (D n = 0.09) compared with the brain extract (D n = 0.31 in Fig. 36). This was consistent with the 
above experiments, suggesting that phosphorylation of Ser-Pro or Thr-Pro motifs by itself was only of secondary impor- 
tance with respect to microtubule binding. v Ar ^ n . 
[0167] This was tested by employing two "total" mutants. AP17 and AP18 derived from htau23 (Fig. 37a). AP18 is 
similar to AP17. but in addition Ser262 and 356 (the two serines not followed by Pro found earlier in extract phosphor- 
ylations) were changed into Ala. While MAP kinase phosphorates all Ser-Pro and Thr-Pro sites of wild type htau23 
(typically up to a maximum of 10-12 moles of P, per htau23), AP17 incorporates at most 1.4 P 1( illustrating the high spe- 
cificity of MAP kinase for Ser-Pro or Thr-Pro motifs. AP17 binds tightly to microtubules, independently of phosphoryla- 
tion by MAP kinase, with similar parameters as unphosphorylated wild type htau23. The same results are obtained with 
AP18 and MAP kinase (<1 P % incorporated). 

[01 68] However, when AP17 and AP18 are phosphorylated with the brain extract activity the two mutants are dramat- 
ically different (Fig. 37b). AP1 8 incorporates about 0.5 Pj and shows only a minor reduction of the stoichiometry of tau 
bound to microtubules upon phosphorylation (D n = 0.01 ). AP17 incorporates «1 .3 P j( and yet its reduction of the binding 
of tau to microtubules upon phosphorylation is the same as that of wild type htau23 (D n = 0.31 ). 
[01 69] These results made it clear that the brain extract apparently contains some phosphorylating component dis- 
tinct from MAP kinase which phosphoryiates Ser262 in the first repeat of tau protein, and that this single Ser, when 
phosphorylated, is capable of dramatically altering the interaction of tau with microtubules. By contrast MAP kinase 
affects the other indicators of the Alzheimer state of tau, the gel shift and the immune response. 

(c) The 35 kDal and 70 kDal kinases in brain reduces microtubule binding by phosphorylating Ser 262 

[0170] The sequence around Ser 262 does not fit obvious consensus motifs of known kinases so that it did not seem 
promising to test them. Instead, the kinase was purified from the brain extract. Active fractions were identified by the 
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criteria of tau phosphorylation and effect on microtubule binding. 

[0171] The first step was ion exchange chromatography on Mono Q (Fig. 38a). yielding 3 main peaks of kinase activ- 
ity. The fractions with the largest effect on microtubule binding were further subjected to gel chromatography (Fig. 38b). 
The main active fraction eluted at an Mr around 35 kDal. This was followed by another ion exchange run. The protein 

5 did not bind to Mono S, suggesting an acidic pi, but it eluted as one major peak on Mono Q (Fig. 38c). Silver stained 
gets of fraction 9 showed a 35 kDal band with >95% purity, and minor (<5%) bands around 41 kDal (Fig. 38d. lane 5). 
Other fractions and an additional band at =45 kDal. but this had no kinase activity (see below). 
[0172] To determine directly which of the bands in the gel were capable of phosphorylating tau an in-gel assay follow- 
ing the method of Geahlen et al. ( Anal. Biochem. 152 (1 9S6), 1 51-1 58 was performed. Tau protein was polymerized into 

w the gel matrix, the Mono Q fractions were separated on the gel by SDS electrophoresis, the the bound proteins were 
renatured in situ, incubated with radioactive ATP and assayed for activity by autoradiography. Fig. 35 shows that the 35 
kDal and 41 kDal bands contained kinase activity, but not the 45 kDal band. 

[0173] Quantification of the amount of phosphate incorporated into tau constructs by the kinase yielded the following 
results: 3.2 P| for htau34, 3.4 for htau40, 3.3 for htau23, but only 2.8 for the mutant htau23(Ser262->AJa). The total 
is mutant AP17 incorporated 3.0 P;. indicating that Ser-Pro or Thr-Pro motifs were not targets of the kinase, and the 3- 
repeat construct K1 8 contained 1 .4 Pj. 

[0174] Tau phosphorylated by the kinase is shifted upward in the SDS gel. Fig. 40a shows a comparison of different 
tau gel shifts and kinases. The shift by the 35 kDal kinase is of medium magnitude (lane 2), like that of PKA (lane 10), 
larger than that of CaM kinase (lane 9) but distinctly smaller than that of MAP kinase (lane 1 1) which induces the Alzhe- 

20 imer-like immune response. The mutant Ser409-AIa (lanes 3,4) is not shifted by phosphorylation, but other mutants are 
(e.g. at Ser416, lanes 5, 6, or at Ser404, lanes 7,8), indicating that Ser409 is the residue whose phosphorylation by the 
35 kDal kinase generates the shift. This same shift is found with PKA (lane 10) which also phosphorylates Ser409. 
Since phosphorylation sites within the repeat region generally do not produce a shift these data confirm that the shift 
sites (mostly in the C-terminal tail) are distinct from the sites controlling microtubule binding (e.g. Ser262). 

25 [0175] The effect of the purified kinase of the binding of tau (Fig. 40b) is similar to that of the brain extract (Fig. 37b). 
For example, the stoichiometry of htau23 is reduced by D n = 0.28 upon phosphorylation, but only by 0.05 in the point 
mutant Ser262-Ala, again emphasizing the importance of Ser262. 

[0176] A diagram of htau40, highlighting the first microtubule-binding repeat and the Ser262 that is important for 
microtubule-binding is depicted in Fig. 41. 

30 [0177] A similar effect on the binding of tau to microtubules is observed when tau is phosphorylated by the 70 kDal 
kinase (see Fig. 45). This kinase incorporates about 3-4 Pi into the repeat region of tau. specifically at serines 262, 293. 
324, 409. It is prepared by the following steps: (a) Preparation of high spin supernatant of brain extract, (b) Chromatog- 
raphy on Q-Sepharose. (c) Chromatography of flowthrough on S-Sepharose. Kinase activity elutes at 250 mM NaCI. (d) 
Chromatography on heparin agarose. Kinase activity elutes at 250 mM NaCI. (e) Gel filtration. Kinase activity elutes at 

35 70 kDal. (f) Chromatography on Mono Q. Kinase activity elutes at 150 mM NaCI. 

Example 12 Dephosphorylation of tau protein by phosphatases PP2a and PP1 

[0178] htau 40 was phosphorylated with porcine MAP kinase (p42) and 32 P-ATP according to methods described 
aq throughout this specification. Subsequently, htau40 was dephosphoylated with several isoforms of PP2a (Fig. 42 A to 
C) as PPI (Fig. 42D). The results show that htau40 is dephosphorylated by all isoforms of PP2a, and, although much 
slower, by PP1 Fig. 43 shows that upon dephosphorylation the antibody-specific epitopes disappear as well. In Fig. 44 
the time course of dephosphorylation and the Michaelis-Menten-kinetics are shown. 

Thus. PP2a and PP1 serve as antagonist to MAP-kinases and may therefore be used in pharmaceutical compositions 
as for the treatment of Alzheimer disease. 
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Claims 

1 . Use of a protein kinase for specifically converting tau protein to Alzheimer tail protein by phosphorylation of the 
amino acid motif ser-pro or thr-pro, said protein kinase having the following biochemical properties: 

(a) it phosphorylates ser-pro and thr-pro motifs in tau protein; 

(b) it has an M r of 42 kD; 

(c) it is activated by ATP and has a K m of 1 .5 mM; 

(d) it is activated by tyrosine phosphorylation; 

(e) it is recognized by an anti-MAP kinase antibody; and 

(f) it is deactivated by phosphatase PP2a. 

2. Use according to claim 1 , wherein said protein kinase is obtainable by 

(a) homogenizing porcine brain in 10 mM Tris-HCI, pH 7.2, 5 mM EGTA, 2 mM DTT and a cocktail of protease 
inhibitors (leupeptin, aprotinin, pepstatin A, a2-rnacrog1obulin, PMSF); 

(b) centrifugating the homogenate at 100,000 x g for 30 minutes at 4°C; 

(c) removing the supernatant after centrifugation; 

(d) precipitating the crude protein by ammonium sulfate precipitation; 
.(e) desalting the crude preparation by gel filtration; 

(f) activating the crude enzyme by incubation in activation buffer; 

(g) further purifying the crude preparation by ion exchange chromatography; and 

(h) identifying the enzyme by Western blotting. 

3. Use according to claim 1 or 2, wherein said protein kinase is glycogen synthase kinase-3 (isoform a, 51 kD and/or 
p, 45 kD) or cdk2-cyclin A (33 kD) or MAP kinase. 

4. Use according to any one of claims 1 , 2 or 3, wherein said protein kinase is a protein kinase from human brain, por- 
cine brain, or another source. 
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5. A pharmaceutical composition containing a specific inhibitor for the protein kinase as defined in any one of claims 
1 to 4, optionally in combination with a pharmaceutically acceptable carrier and/or diluent for use in the treatment 
of Alzheimer's disease. 

5 6. An antibody which specifically recognizes the protein kinase as defined in any one of claims 1 to 4. 

7. The antibody according to claim 6 which is a monoclonal antibody. 

8. A diagnostic composition for the detection and/or monitoring of Alzheimer's disease comprising: - a kinase as 
10 defined in any one of claims 1 to 4; and/or - an antibody according to claim 6 or 7. 

9. A method for the in vitro diagnosis of the onset of Alzheimer's disease comprising assaying a cerebrospinal fluid 
isolate of a patient or carrying out a biopsy of nerve tissue and testing said tissue for the presence of a phosphor- 
ylated serine residue in position 262 of tau protein. 
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10. A method for the in vitro diagnosis and/or monitoring of Alzheimer's disease comprising assaying a cerebrospinal 
fluid isolate of a patient or carrying out a biopsy of nerve tissue and testing said tissue 



- for the presence of a protein kinase as defined in any one of claims 1 to 4; or 
20 - for the presence of phosphatases PP2a, PP1 and/or calcineurin. 

11. Pharmaceutical composition for the treatment of Alzheimer's disease comprising a PP2a and/or PP1 and/or cal- 
cineurin phosphatase as the active or one of the active ingredients. 

25 12. A method for the in vitro conversion of the tau protein into Alzheimer tau protein wherein normal tau protein is 
treated with a protein kinase as defined in any one of claims 1 to 4 under conditions which allow the phosphoryla- 
tion of said normal tau protein. 
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